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ABSTRACT
Trace Element Geochemistry of Groundwater Flow 
Systems in Southern Nevada and Eastern California
by
Xiaoping Zhon
Dr. Zhongbo Yu, Examination Committee Chair 
Associate Professor o f Geology 
University o f Nevada, Las Vegas
The Nevada Test Site (NTS) was used for underground nuclear tests before the 
1960's. Yucca Mountain in southern Nevada has been proposed as the site for the first 
high-level radioactive waste repository in the U.S. Because groundwater is a likely 
medium for transporting radio-nuclides to the accessible environment, determining the 
nature and path of groundwater movement through the aquifers at the NTS and Yucca 
Mountain is a critical task for assessing the risks and the future performance o f the 
repository. In this study, systematic investigations of major ion and trace [mainly rare 
earth element (REE)] element geochemistry were conducted on different components of 
groundwater flow  systems in southern Nevada, including groundwaters from 
representative springs and wells, aquifer rocks that comprise major aquifers, secondary 
minerals from fractures and veins in the aquifer rocks, and solutions from water/rock 
interactions. The geochemical data collected in this study help us characterize and
iii
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compare major ion and REE signatures in different sample media, study changes in trace 
elements and REEs resulting from water/rock interactions, and develop a geochemical 
framework to trace groundwater from sources and predict groundwater flow paths and 
flu id  mixing at the Nevada Test Site and the Yucca Mountain region o f southern Nevada. 
The study also enhances our geologic and hydrologie understanding o f trace element and 
REE geochemistry in the groundwater flow systems.
IV
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CHAPTER 1
INTRODUCTION 
As a potential medium for transporting radio-nuclides to the accessible 
environments, groimdwater has been intensively investigated at the Nevada Test Site 
(NTS) and the Yucca Mountain region in southern Nevada, where many underground 
nuclear tests were performed and a potential high-level radioactive waste repository has 
been proposed, respectively. Tracing groundwater sources and predicting groundwater 
flow paths are crucial tasks required for risk assessments in these sensitive areas. 
Geochemical data of groimdwaters from the existing wells in this region are either 
lim ited or are not conservative natural tracers of geochemical processes (i.e., major 
elements). D rilling and developing more monitoring weUs in this region is extremely 
costly. Therefore, sensitive and naturaUy-occurring tracers of geochemical processes in 
the groundwater flow  systems are much needed.
Recent studies of rare earth elements (REEs), a special group o f trace elements, in 
groundwater systems have shown promising results for tracing groundwater sources and 
predicting groundwater flow  paths (e.g., Smedley, 1991; Fee et al., 1992; Gosselin et al., 
1992; Stetzenbach et al., 1994,1999, 2001; Kreamer et al., 1996; Hodge et al., 1996, 
1998; Johannesson et al., 1997,1999, 2000; McCarthy et al., 1998). These studies 
indicate that groundwaters and some surface waters can inherit their REE and trace
1
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element signatures from the rocks or aquifer materials with which they interact. 
Therefore, understanding the geochemistry o f REEs and other trace elements in 
groundwaters is important not only for tracing groundwater flow, but also for 
investigating water/rock interactions.
However, previous studies o f trace element and REE geochemistry in the southern 
Nevada aquifers mainly focused on groundwaters from springs and wells. Systematic 
studies o f trace element and REE geochemistry of different components of groundwater 
flow  systems in this region have not been conducted. Although many researchers have 
realized the impacts o f aquifer rocks on the REE signatures of groundwaters, detailed 
comparative studies of REE and trace element signatures from both groundwaters and 
aquifer rocks and minerals with which the groundwaters interacted are fa irly lim ited 
(Zhou et al., 1999; Johannesson et al., 2000). The mechanism and geochemistry of REEs 
and trace elements during the interactions between water and rock are s till poorly 
understood. Thus, more and systematic studies of trace element and REE geochemistry in 
groimdwaters, aquifer rocks, and secondary minerals are necessary. Experiments that 
simulate the interactions between groundwaters and aquifer materials, such as laboratory 
leaching tests, should be performed to determine trace element and REE signatures and 
changes during the water/rock contacts.
These issues are addressed in this dissertation by (1) characterizing major ion 
(Chapter 2) and REE behaviors (Ch^ters 3 and 4) in  different components 
(groundwaters, aquifer rocks, and secondary minerals) o f groundwater flow systems from 
a geologically and hydrogeologicaUy representative area, southern Nevada; (2)
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comparing REEs 6 om groundwaters with those from representative rocks that comprise 
m ^or aquifers in southern Nevada (Chapter 3); and (3) conducting leaching experiments 
in the laboratory to quantî  changes in  REEs resulting from water/rock interactions 
(Chapter 5).
1.1. Major Solute Chemistry in Groundwaters
The groimdwater chemical data in southern Nevada were principally obtained 
from samples collected in the late 1950's and early 1960's. A few new wells were drilled 
and sampled in the late 1970's. Following the late 1980's, extensive water sampling has 
been reactivated and many samples have been collected from pre-existing and new wells 
and springs by several organizations. Since 1992, the groundwater geochemistry group at 
the Harry Reid Center (HRC) for Environmental Studies at the University o f Nevada, Las 
Vegas (UNLV) has been involved in  coUecting water samples from more than 100 sites, 
including wells and springs in Amargosa Valley, Ash Meadows, Crater Flats, Death 
Valley, Nellis A ir Force Range, Nevada Test Site, Oasis Valley, Pahranagat Valley, and 
The Spring Mountains.
In Chapter 2 1 have compiled the hydrochemical data o f major ions for the above- 
mentioned sites, beginning in 1992, and summarized the general chemical characteristics 
of major solutes in the groundwater from the Nevada Test Site and adjacent areas of 
southern Nevada and eastern California. This study compliments the trace element 
investigations that are the focus of Chapters 3,4, and 5.
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1.2. REE Characterization in Groundwaters and Aquifer Rocks 
In Chapter 3 I examine the hypothesis that REEs dissolved in the groundwaters 
are the result of the mobilization of REEs from aquifer rocks into the groundwater. I 
tested this hypothesis by characterizing and comparing REE signatures from both 
groimdwaters and aquifer rocks. The comparative study of REEs in groundwaters and 
aquifer rocks in southern Nevada helps us determine the impact o f tuffaceous and 
carbonate rocks on the geochemistry of groundwaters from the unsaturated zone and the 
saturated zone in this region, respectively. The data obtained in this study also allow us 
to evaluate the groundwater flow paths in southern Nevada and eastern California and the 
mixing o f groundwaters origmating on the NTS or at Yucca Mountain with those of the 
regional carbonate aquifer.
The REE data in representative rock samples of the aquifers in southern Nevada, 
or average REE concentrations of these representative aquifer rocks, provide a local 
REE-normalizing standard. The saturated zone and the unsaturated zone in southern 
Nevadan aquifers are mainly composed of carbonate (dolomite and limestone) and felsic 
volcanic (tuffaceous) rocks (i.e., Winograd and Thordarson, 1975; Stuckless and Dudley, 
2002), so an appropriate REE standard based on these local rocks is better than the 
average chondrite- or shale-normahzation.
1.3. REE Signatures in Secondary Minerals 
Secondary minerals that occur in the factures o f both the unsaturated and 
saturated zones of aquifers precipitated from flowing groundwaters. The origin of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
fracture-coating minerals, mainly secondary calcite and silica, at the NTS has been 
debated for the past several years. Two competing hypotheses have been proposed to 
explain the origin of these secondary minerals: (1) from infiltrating meteoric water (e.g., 
Szabo and Kyser, 1990; Peterman et al., 1992; Vaniman and Whelan, 1994; Whelan et 
al., 1994, 1998, 2002; Vaniman and Chipera, 1996; Marshall et al., 1998; Paces et àl., 
1998, 2001), or (2) 6 om upwelling hydrothermal fluids (H ill et al., 1995; Dublyansky 
and Szymanski, 1996; Stuckless et al., 1998; HUl and Dublyansky, 1999; Dublyansky et 
al., 2001).
These secondary minerals record geochemical changes and history that occurred 
in the paleo-groundwater that flowed through the fractures (W allin and Peterman, 1999; 
Lee et al., 2003). Thus, the origins of these secondary minerals at Yucca Mountain and 
southern Nevada are crucial for evaluating hydrogeologic changes and the fate of the 
proposed nuclear waste repository.
In Chapter 4 1 report the REE concentrations of twenty-six secondary mineral 
(mostly calcite) samples that were collected from southern Nevada. The origins of these 
secondary minerals are addressed based on their REE signatures. These data also help us 
understand sources of the mineral-precipitating waters, water chemistry, water/rock 
interactions, crystallization mechanisms, and mineral growth phases. By combining these 
analyses with other geochemical studies, such as isotopic and flu id  inclusion studies, it 
may eventually be possible to characterize the geochemical history and movement history 
of groundwater in southern Nevada.
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1.4. REE Signatures from Leaching Experiments 
In Chapter 5 1 present the REE results of three leaching tests. The leaching 
experiments performed in this study used different aquifer rock samples and solutions 
and gave them suBicient contacting time to interact. Both the rocks samples and the 
leachates were analyzed for their REE concentrations. The REE concentrations and 
patterns during water/rock interactions demonstrate that different rocks and different 
solution compositions can affect trace element and REE signatures o f the leachates.
The leaching study provides some baseline information (i.e., solid/liquid 
partitioning coefficients) during water/rock interactions. The results o f these leaching 
experiments help elucidate the mechanisms associated with trace element and REE 
changes that occur during water/rock interactions and build a basis for the interpretation 
of trace element and REE data o f groimdwaters through different aquifers in  this region.
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CHAPTERS
MAJOR ION GEOCHEMISTRY OF GROUNDWATERS FROM SOUTHERN 
NEVADA AND EASTERN CALIFORNIA
2.1. Introduction
The dissolved ionic constituents of groundwater are, in part, a record of the 
minerals and rocks with which the water has reacted (either dissolving or precipitating) as 
it moves through aquifer materials. In general, the chemical composition o f water in 
carbonate-rock aquifers is dominated by calcium, magnesium, and bicarbonate, whereas 
sodium, chloride, and sulfate can be dominant ions in the water that comes from volcanic 
aquifers or clay minerals (e.g., Thomas et al., 1996). The movement o f water from a 
volcanic aquifer into the regional carbonate aquifer in southern Nevada can be deduced in 
large part by an increase in sodium concentration in the carbonate aquifer groundwater 
sampled down gradient from the recharge area (Schoff and Moore, 1964). Thus, the 
geochemical characteristics of the water can be used to facilitate tracing groundwater 
sources and flow  paths. The geochemistry o f groundwater from the Nevada Test Site 
(NTS) and adjacent areas in southern Nevada and eastern California has been 
instrumental to the development o f the fundamental groundwater flow  hypotheses for the 
region (Schoff and Moore, 1964; Blankennagel and Weir, 1973; Winograd and 
Thordarson, 1975; White, 1979; Chapman and Lyles, 1993; Thomas, 1988,1996;
12
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Thomas et al., 1996).
However, the chemical data used by many researchers for their studies were 
mainly from samples collected 40 to 50 years ago or from pre-existing and new wells and 
springs in the late of 1980's. In order to update the geochemical data and to compliment 
the trace element geochemical studies, researchers at HRC started to collect groundwater 
samples from springs and wells in southern Nevada and eastern Califorina a decade ago. 
The samples were analyzed for their m ^or and trace element concentrations. The major 
ion geochemical data o f groundwaters presented in this chapter were extracted from the 
HRC groundwater geochemical database.
2.2. Major Solute Chemistry in Groundwaters 
Figure 2.1 shows the groundwater sample areas in southern Nevada and eastern 
California. Zhou and others (2000) discussed in detail the major ion chemistry o f these 
groundwaters. This chapter only briefly summarizes the major ion chemistry of these 
groundwaters and provides a general geochemical ûamework of groundwaters in the 
study area. The GW Charts, developed by the U.S. Geological Survey (USGS), have been 
employed to build Piper diagrams (Rg. 2.2) to graphically demonstrate the 
characterizations o f these groundwaters.
Groundwaters in  the Amargosa Valley have relatively lower total dissolved solids 
(TDS) except for those o f the McCracken Range (Fig. 2.2). The relative proportions of 
HCO3 + COĝ  and Ca''̂  increase from Lathrop W ell to T&T Range Wells, which 
suggests that the influence on the water chemistry by carbonate aquifer materials increase
13
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from north to south within the valley (Fig. 2.2). Groundwaters from Cind R-lite, Jackass 
Aero Park, and Lathrop Wells are very similar (Fig. 2.2) and resemble groundwaters 
characteristic o f the tuffaceous rocks o f Shoshone Mountain (Johannesson et al., 1997) 
west o f Yucca and Frenchman Flats, as well as those of Rainier and Pahute Mesas.
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Fig. 2.1. Map of southern Nevada and eastern California showing groundwater sample 
areas discussed in this chapter (modified from Stetzenbach et al., 2001).
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Ash Meadows groundwaters are more concentrated than the Amargosa Valley 
groundwaters. Except for the total dissolved solids, aU waters have relatively similar 
miyor ion chemistry (Fig. 2.2). Previous studies have suggested that groundwaters at Ash 
Meadows represent groundwaters from The Spring Mountains and from the Pahranagat 
Valley area (Winograd and Friedman, 1972; Winograd and Thordarson, 1975; Winograd 
and Pearson, 1976; Thomas, 1996). However, this model cannot explain the high 
concentrations of Na ,̂ iC  and S04  ̂ in the Ash Meadows spring waters. Obviously, 
anoAer groundwater source with higher Na ,̂ and SÛ4̂  concentrations is needed to 
produce the water chemistry of the Ash Meadows springs. Winograd and Thordarson 
(1975) pointed out that these groundwaters contain some contribution of "volcanic" 
groundwaters hrom the Nevada Test Site to Ash Meadows. The data o f stable oxygen and 
hydrogen isotope analyses (Thomas, 1988, 1996), strontium isotopes (Peterman et al., 
1992), trace element and multivariate statistical analyses (Johannesson et al., 1996), and 
rare earth element analyses (Johannesson et al., 1997) support this hypothesis.
Groundwaters from Death Valley springs are typically more concentrated than the 
Amargosa Valley groundwaters and similar to or slightly more concentrated than the Ash 
Meadows spring waters. Several sub-groups, however, can be identified on closer 
inspection o f the Piper diagram (Fig. 2.2). Surprise and Scotty Springs essentially plot 
identically on the Piper diagram, forming one sub-group. Nevares, Texas, Travertine, and 
Grapevme Springs, also plot sim ilarly, forming another sub-group. Mesquite and 
Saratoga Springs did not plot with any o f the other spring waters. These observations 
based on m^or-ion chemistry, are consistent with the result obtained from the principal
16
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component analyses of trace elements (Kreamer et al., 1996).
Topopah and Tippipah Springs at the NTS represent groundwaters that have 
interacted only with these volcanic rocks (i.e., no carbonate aquifer input), whereas 
groundwater collected from nearby Cane Spring may represent the mixing of 
groundwaters from both carbonate-rock and volcanic-rock aquifers. Groundwaters &om 
the NTS wells fa ll into three distinct groups on Piper diagrams (Fig. 2.2). They basically 
represent groundwaters from the regional lower Paleozoic carbonate aquifer, the local 
felsic volcanic-rock aquifers, and the mixture of two, respectively.
Groundwaters in Oasis Valley and adjacent areas fa ll into a loose but distinct 
cluster w ithin each Geld on Piper diagrams (Fig. 2.2). Most o f these groundwaters are 
recharged by inflows from Pahute Mesa, Gold Flat, and other areas to the north and east 
(White, 1979), together with some Gow through carbonate rock aquifers farther north and 
within central Nevada (Davisson et al., 1999).
Groundwaters from Pahranagat Valley and the Spring Mountains are very similar 
and show a close cluster in each field o f Piper diagrams (Fig. 2.2). Based on mryor ion 
chemistry, the groundwaters Gom both Pahranagat Valley and the Spring Mountains are 
probably dominandy Gom carbonate-rock aquifers with little  inGuence Gom volcanic 
aquifers and/or soil-zones.
2.3. Hydrochemical Facies 
The concept of hydrochemical facies has been used to denote the diagnostic 
chemical character o f water soluGons in hydrologie systems (Back, 1966). The facies
17
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reüect the effects of chemical processes occurring between the minerals within the 
hthologic framework and the groundwater. The Gow patterns modify the facies and 
control their distribuGon.
Schoff and Moore (1964) and Winograd and Thordarson (1975) extensively 
studied the hydrochemistry o f groundwaters in  the Nevada Test Site and at̂ acent areas. 
Winograd and Thordarson (1975) recognized four hydrochemical facies based on m ^or 
ion geochemistry (Table 2.1). The foUowing discussion is based on their classiGcaGon of 
hydrochemical facies.
The calcium-magnesium-bicarbonate facies is found in the Spring Mountains and 
in Pahranagat Valley. Waters of this facies represent groundwaters that discharge either 
Gom the lower carbonate aqiGfer or Gom the vaHey-GU aquifer nch in carbonate-rock 
detntus (Winograd and Thordarson, 1975).
Table 2.1. ClassiGcaGon of hydrochemical facies at the Nevada Test Site and vicinity.
(Winograd and Thordarson, 1975)
Hydrochemical facies Ca+Mg Na+K HCO3+CO3 SO4+CI
Calcium magnesium bicarbonate 75-100* 0-25 80-90 10-20
Sodium potassium bicarbonate 5-35 65-95 65-85 15-35
Calcium magnesium sodium bicarbonate 50-55 45-50 70 30
Sodium sulfate bicarbonate 30 70 60 40
# Note: Percentage range o f milliequivalents per Gter of mzyor consGtuents.
The sodium-potassium-bicarbonate facies is represented by water Gom Oasis
Valley, Pahute Mesa, Amargosa Valley, Tippipah Spring, ScoGy's and Surprise Springs
18
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in Death Valley, and groundwaters to the northwest and west o f the Nevada Test Site. 
These groundwaters are mostly issued from or flow  through felsic tuff, rhyolite, and 
valley-fm  aquifers rich in volcanic detritus. The sodium-potassium-bicaibonate facies is 
also found in some thin carbonate strata within the upper clasdc aquitard (Winograd and 
Thordarson, 1975).
The calcium-magnesium-sodium-bicarbonate facies, which was noted by Schoff 
and Moore (1964) as a mixing facies o f both of the preceding types, is found in the east- 
central Amargosa Desert, Ash Meadows, and the Nevada Test Site. Schoff and Moore 
(1964) argued that this mixing type hydrochemical facies may have formed in one of 
three ways: (1) movement of water Gom tuffaceous rocks into carbonate rocks (or 
alluvium with carbonate-rock detritus), followed by dissolution o f carbonate minerals; (2) 
movement of water from carbonate rocks into tu ff (or tufaceous alluvium), followed by 
acquisition of sodium either by soluGon or by ion exchange o f calcium for sodium; or (3) 
mixing of calcium-magnesium-bicafbonate water with sodium-potassium-bicarbonate 
water.
The sodium-sulfate-bicarbonate facies was proposed by Winograd and 
Thordarson (1975). This hydrochemical facies appears to be restricted to the Nevares 
Springs area (i.e., Texas, Nevares, and Travertine Springs) of Death Valley, a few wells 
in the west-central Amargosa Desert, and Tolicha Peak to the north and west o f the 
Nevada Test Site (Winograd and Thordarson, 1975).
It is worth noting that the boundaries between hydrochemical facies are 
transidonal, which reGects gradually changes in the water chemistry during recharge and
19
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movement of groundwaters. Some groundwaters may not Gt into any of these 
hydrochemical facies due to complicated hydrologie and geochemical processes.
2.4. Summary
M ^or ion chemistry of groundwater is mainly controlled by chemical and 
hydrologie processes between water and aquifer matenals and by mineral composiGons 
of aquifer matenals through which groundwaters Gow. Therefore, m ^or-ion chemistry of 
groundwater can be used to reconstruct the hydrochemical framework of water and to 
trace groundwater Gow patterns. The method used in this smdy graphically demonsGated 
the different patterns and distnbuGon of m ^or consGtuents of water chemistry. They also 
demonstrate the relaGonships among different springs and weUs, which may eventually 
facilitate dehneaGon of regional groundwater Gow paths and sources. Four 
hydrochemical facies of groundwater have been distinguished in the study area through 
the examinaGon of m ^or caGon and anion composiGons. Groundwater that has moved 
only through the lower carbonate aquifer or through valley-GU nch in carbonate detrims 
is classiGed as calcium-magnesium-bicarbonate type (facies). Water that has moved only 
through volcanic rocks or through vaHey-Gll deposits nch in volcanic detrims belongs to 
the sodium-potassium-bicarbonate hydrochemical facies. Groundwater that iniGaUy 
occurred within the lower carbonate aquifer, and that subsequenGy entered the volcanic- 
rock aquifers, is a mixture of these two hydrochemical types, designated at the calcium- 
magnesium-sodium-bicarbonate type. Further mixing with different quanGGes of source 
waters or mixing with the third hydrochemical facies identiGed, can form another type of
20
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water, such as the sodium-sulfate-bicarbonate type.
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CHAPTERS
COMPARATIVE STUDIES OF RARE EARTH ELEMENTS 
IN GROUNDWATER AND AQUIFER MATERIALS
3.1. Abstract
In order to compare REEs in groundwater with those in aquifer materials, a total 
of 36 rock samples, each representing a different rock type (dolomite, limestone, and 
felsic volcanic rocks) o f aquifers in southern Nevada and eastern California were 
analyzed for their REE concentrations in  this study. Lower Paleozoic dolomites and 
dolomitic hmestones exhibit relatively fla t shale-normalized REE patterns with only 
slight LREE or HREE enrichments and weak Ce and Eu anomalies. Upper Paleozoic 
limestones exhibit sGong shale-normalized HREE enrichments with sGong Ce depletions; 
these patterns are essentially identical to those for modem seawater. Tertiary felsic 
volcanic rocks from the Nevada Test Site (NTS) show fa irly sGong shale-normalized 
LREE or HREE enrichments with substantial Eu depletion and no Ce anomalies. 
Groundwaters in southem Nevada and eastem California can be classiGed as "dolomite," 
"limestone," or "volcanic" groundwaters based on their REE signatures. Some o f these 
groundwaters appear to be mixtures o f two or more types of waters from diGierent 
aquGers. REE signatures in both groundwaters and aquifer rocks sGongly indicate that 
the REE pattems of groundwaters Gom the dolomite, limestone, and volcanic aquifers
24
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resemble those in the respective rock types through which they Gow. REE GacGonaGons 
(HREE or LREE enrichments, and Ce and Eu anomahes) occurred during rock/water 
interacGons. Groundwaters discharging Gom the Upper (younger) Paleozoic carbonate 
(limestone) aquifer have greater REE GactionaGons (sGonger HREE ennchment and 
neg^ve Ce anomahes) than those Gom the Lower (older) Paleozoic carbonate (dolomite) 
aquifer and Gom the volcanic aquifer. The ongins o f REE GacGonaGons in these 
groundwaters are also discussed in  this study.
3.2. InGoducGon
Because groundwater is a hkely medium for transporting radio-nuchdes to the 
accessible environment, tracing groundwater sources and predicGng groundwater Gow 
paths are crucial tasks required for nsk assessments at the Nevada Test Site (NTS), where 
many underground nuclear tests were performed, and the Yucca Mountain region, where 
the Grst long-term geological repository for high-level radioacGve waste w ill be located. 
Geochemical data o f groundwaters Gom existing wehs in this region are either lim ited or 
are not conservaGve natural Gacers o f geochemical processes (i.e., major elements). 
Drihing and developing more monitoring wehs in this region is exGemely cosGy. 
Therefore, sensiGve and naturahy-occurring Gacers of geochemical processes in the 
groundwater Gow systems are highly desirable.
Rare earth elements (REEs), a special group of trace elements, and some trace 
elements may play an important role in tracing groundwater Gow. The unique and 
chemicahy coherent behavior o f the REEs has spawned considerable interest in then
25
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behavior in geologic systems. Because of their size and valence, REEs exhibit distinctive 
chemical properties, as compared to their nearest neighbors (barium and hahiium) on the 
penodic table. Also, the systemaGc decrease in ionic radius with increasing atomic 
number within the lanthanide suite imparts predictable chemical differences that can 
record subtle geochemical processes in natural systems. Consequently, REEs have been 
used extensively as sensiGve tracers o f geochemical processes in rock and seawater 
studies (e.g., Hanson, 1980; ElderGeld and Greaves, 1982; DeBaar et al., 1983; Cullers 
and Graf, 1984). Recent studies o f trace elements and REEs in groundwater systems and 
lakes have shown that groundwaters and some surface waters can inhent their REE and 
trace element signatures Gom Gie rocks or aquifer matenals with which they interact. 
REEs can be used as natural tracers of groundwater Gows and of groundwater and surface 
interacGons (e.g., Smedley, 1991; Fee et al., 1992; Gosselin et al., 1992; Stetzenbach et 
al., 1994,1999, 2001; Kreamer et al., 1996; Hodge et al., 1996,1998; Johannesson et al., 
1997,1999, 2000; McCarthy et al., 1998; Ojiambo et al., 2003). Therefore, understanding 
the geochemistry of REEs and other trace elements in groundwaters is important not only 
for tracing groundwater sources and predicting groundwater Gow paths, but also for 
invesGgating water/rock interacGons and groundwater mixings. Moreover, due to the 
chemical similanGes between REEs and tnvalent Gansuranic ions (i.e., Pu^, Am ^, Cm^, 
C f REEs can be used as chemical analogs for studying the behavior of the radioacGve 
actinides in natural waters (Choppin, 1983,1986,1989; Brookins, 1986; Krauskopf, 1986; 
Wood, 1990). This applicaGon of REEs is especially signiGcant in the study of the fate 
and transpoG o f the radioacGve actinides in the groundwater systems in the vicinity o f the
26
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NTS and the Yucca Mountain region.
However, the use o f REEs and other trace elements as geochemical tracers in 
terrestrial waters, particularly in groundwaters, is presendy in the developmental stage 
due to the complexity of groundwater Gow systems, ulGa-low concentraGons (normally at 
the parts-per-trillion level) o f these trace elements in groundwaters, and limitadons of 
analyGcal instruments. ComparaGve smdies o f REE and trace element signatures Gom 
groundwaters, and Gom aquifer rocks with which the groundwaters interacted, are fa irly 
lim ited (Zhou et al., 1999; Johannesson et al., 2000). The geochemistry of REEs and 
trace elements during the interacGons between water and rock is sGU poorly understood. 
Thus, more and systemaGc studies on trace element and REE geochemistry in 
groundwaters and aquifer rocks are much needed.
In addiGon, most researchers who have examined REE concentraGons and 
pattems in groundwaters have used techniques that are more appropnate for igneous rock 
and seawater smdies. SpeciGcally, Giey commonly normalize the groundwater REE 
concentraGons to the average shale REE values to obtain the relaGve GacGonaGons of 
REEs in the natural waters. Such an approach is warranted if  the aquifer matenal in the 
groundwater system is prim arily composed o f siliciclasGc sedimentary rocks such as 
shale, but it is inappropnate for other groundwater systems that are composed of non- 
siGciclasGc sedimentary rocks. In these cases, the REE normalizaGon factors should 
resemble the rocks of which the aquifer matenal is composed. The saturated zone and the 
unsaturated zone in  southem Nevadan aquifers are mainly composed o f carbonate 
(dolomite and limestone) and felsic volcanic (tuffaceous) rocks (i.e., Winograd and
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Thordarson, 1975; Stuckless and Dudley, 2002), so an appropriate REE standard based 
on these local rocks, or average REE concentrations of these local and representative 
aquifer rocks, is necessary.
This study analyzed REE concentrations Gom both groundwaters and aquifer 
rocks in southem Nevada and Death Valley, eastem Califomia. The data presented in the 
study help us examine the hypothesis that REEs dissolved in the groundwaters are the 
result o f mobilization of REEs Gom aquifer rocks into the groundwater. Systematic 
analyses o f representative aquifer rocks in southem Nevada may provide a local REE- 
normalizing standard. By directly comparing the groundwater REE concenGaGons with 
the local rock REE concenGaGons, we are able to determine the impact o f felsic volcanic 
(tuffaceous) and carbonate rocks on the REE geochemistry of groundwaters Gom both 
the unsaturated zone and the saturated zone. In addiGon, analyses o f the REE 
concentraGons in the felsic volcanic rocks o f the NTS and the Yucca Mountain region 
w ill allow us to evaluate the contnbuGon due to the mixing o f groundwaters originating 
on the NTS or at Yucca Mountain with those o f the regional caGx)nate aquifer.
3.3. Methods
3.3.1. Rock Sampling and Analysis 
Geological exposures of typical aquifer rocks (i.e., dolomite, Gmestone, and felsic 
volcanic rocks) were chosen for the coGecGon o f rock samples. These exposures are 
straGgraphicaUy and lithologically correlaGve w ith the hydrostraGgraphic units of the 
local volcanic aquifer and regional carbonate aquifer in southem Nevada (e.g., Winograd
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and Thordarson, 1975). Therefore, the REE concenGaGons in these rocks can be 
applicable to onr studies of REEs in groundwaters Gom these aquifers. Sampling 
localiGes include Frenchman Mountain near Las Vegas, FossG Ridge in the Sheep Range, 
exposures near Mercury, and exposures within the NTS (Fig. 3.1). Geological secGons at 
these locaGGes are generally well exposed and allow for easy access and detailed 
sampling.
The REE data for a total o f 36 rock samples were analyzed in this smdy. Sixteen 
o f the 36 rock samples were collected Gom the Bonanza King FormaGon (dolomite, 
Cambnan) and Toroweap FormaGon (limestone, Permian) at Frenchman Mountain 
(samples B K D l, BKD2, BKD3, BKD4, BKD5, BKD6, BKD7, BKD8, BKD9, BKDIO, 
B K D ll, BKD 12, BKD13, BKD14, TW l, and TW2). Five rock samples (dolomite or 
dolomiGc limestone) were coUected Gom the Nopah FormaGon and Pogonip Group at 
Fossil Ridge (samples FR3, FR4, FR5, FR6, and FR7). Six rock samples (dolomite or 
dolomiGc limestone) came Gom exposures near Mercury (samples H G l, HG2, HG3, 
HG4, HG5, and HG6). And three rock samples came Gom the Tippipah FormaGon 
(Permian limestone) at the NTS (samples NTSl, NTS2, and NTS3). Six Tertiary felsic 
volcanic rocks (samples BF V itri, BF Ash Fall, BF Med., TM Nonw., TM Weld, and 
Paintbrush) were coUected Gom the NTS (Johannesson et al., 1997).
The methods used to analyze the rock samples, using inducGvely coupled plasma 
mass spectrometry (ICP-MS), have been descnbed elsewhere (Johannesson and Zhou, 
1997; Zhou et al., 1999; Johannesson et al., 1997, 2000). In bnef, all samples were 
cleaned and crushed into powder in  the laboratory. Approximately 0.25 grams o f each
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Fig. 3.1. Sample (both groundwater and rock) location map of southem Nevada and 
Death Valley, eastem Califomia (modiSed Gom Stetzenbach et al., 2001).
rock (i.e., powder) sample were placed in  precleaned TeGon®-lined microwave digestion
bombs, foGowed by 5 mL of ultrapure HF (Seastar, Inc. double sub-boiling, distGled in
TeGon®) and 5 mL of ulGapure HNOg (Seastar, Inc. double sub-boiGng, distGled in
quartz). TbeTeGon®-lined microwave digesGon bombs were then sealed and placed in a
microwave oven (CEM CorporaGon MDS-2100) and heated to 189°C and pressunzed to
8.62 X 10̂  Pa (125 p.s.i.) for 25 minutes. The samples were aGowed to cool, and then 30
mL o f a saturated bone acid soluGon was added to each sample. The samples were
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subsequenGy heated again in the microwave for 5 minutes at 100°C and 6.9 x lO'* Pa - 
1.38 X 10̂  Pa (10 - 20 p.s.i.). I f  any residue s till remained after this Grst digesGon, these 
procedures were repeated. For the felsic volcanic rocks, the samples were fused by a 
htWum metaborate Gux pnor to dissoluGon in nitric acid soluGons (Johannesson et al., 
1997). Both the microwave digesGon technique and the fusion method generate similar 
and reproducible results (Guo, 1996). The dissolved rock samples were then decanted 
into clean polyethylene bottles and diluted by a factor o f 180 or more. Rnally they were 
analyzed using ICP-MS. U.S. Geological Survey rock standards (RGM-1, SCo-1, W-2, 
G-2) were included as check standards during the analysis; our measurements never 
deviated more than 10% Gom the standards.
3.3.2. Groundwater Sampling and Analysis 
Since the early 1990's, groundwater samples have been coUected and analyzed 
Gom many springs and monitoring wells in southem Nevada and eastem Califomia by 
the Groundwater Research Group at the Harry Reid Center (HRC) for EnvGonmental 
Studies at the University o f Nevada, Las Vegas (UNLV). Such springs and wells are 
located in Death Valley NaGonal Park, Ash Meadows NaGonal W ildlife Refuge, 
Pahranagat Valley NaGonal W ildlife Refuge, the Spring Mountains, the Nevada Test Site, 
and Amargosa Valley (Fig. 1). The methods used to sample groundwater Gom the springs 
and weUs have been weG estabGshed by HRC (Stetzenbach et al., 1994,1999, 2001; 
Kreamer et al., 1996; Hodge et al., 1996,1998; Johaimesson et al., 1997,1999,2000). In 
summary, springs were sampled by pumping groundwater Gom the springs using a
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peristaltic prni^ with precleaned, acid-washed TeGon® tubing. The water samples were 
Gltered throng an in-line Gehnan Sciences Glter capsule (pore size 0.45 pm; polyether 
sulfone membrane) that was connected to TeGon® tubing and transferred direcGy to acid- 
washed, high-density linear polyethylene botdes. The samples were then immediately 
acidiGed to pH < 2 with ultra-pure nitric acid, stored in acid-washed plastic bags, and 
transported to the laboratory for analysis. The same sampling procedures were used to 
collected water samples Gom wells, except that pumping was continued until the water 
pH stabilized (at least 24 hours); then the water samples were coGected. This process 
insures that the samples are taken under a weG-circulated condition and are representadve 
o f the local groundwater.
The REEs were determined using ICP-MS (Perkin Elmer Elan 5000) with 
ultrasonic nebulizaGon after 50-fold preconcentration by caGon-exchange (Stetzenbach et 
al., 1994; Johannesson and Lyons, 1994). The REE isotopes monitored with the ICP-MS 
(''"La , ''''C e, "'P r, " ^ d , ""Sm, "'E u  and '% u (mean value), "^Gd, "'D y ,
'̂ 'Ho, '̂ E r, '̂ "Tm, '̂ 'Yb, and '"L u ) were Gee o f elemental isobaric interferences. The 
ultrasonic nebulizaGon (Catac Technologies Model U-5000) increased the sensiGvity by 
roughly a factor o f 30 over cross-Gow nebulizaGon and decreased the potenGal of 
interferences Gom oxide formation in the plasma sGeam (Stetzenbach et al., 1994; Hodge 
et al., 1996,1998). Measured REEO /̂REE  ̂raGos were generaGy < 1%; for those which 
were >1%, appropnate correcGons were made (Stetzenbach et al., 1994; Johannesson 
and Lyons, 1994; Johannesson et al., 1996). Interference Gom BaO  ̂/Ba^ on Eu was 
eliminated by extracGon of Ba Gom separate aGquots of each water sample using diethyl-
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hexyiphosphoiic acid (Hodge et al., 1998). The ICP-MS was also equipped with an active 
Glm, mulGple ion detector (ETP Scientific) that further increased the sensitivity o f the 
instrument by roughly 100 times along with the ultrasonic nebulizer. In order to calibrate 
the ICP-MS and verify the sample concenGaGons, a series of Gve REE standards of 
known concenGaGons (10 ng/kg, 50 ng/kg, 100 ng/kg, 500 ng/kg, and 1000 ng/kg) were 
included for each sample analysis.
AnalyGcal precision for Ce, Pr, Gd, Tb, Dy, Ho, Er, and Yb was better than 5% 
relaGve standard deviaGon (RSD). For La, Nd, and Tm the precision was 7% (RSD) or 
better, for Eu the precision was 10% (RSD) or beGer, and for Sm and Lu the precision 
was 11% and 12% (RSD), respecGvely. Replicate analyses of water Gom Ash Meadows 
indicate that the measurement reproducibility was 10% (RSD) or better for the REEs 
except Sm and Er for which the reproducibility was 14% (RSD) or better and Ce, Tm, 
and Lu that were reproducible within 20% (RSD) (Stetzenbach et al., 1994).
3.4. Results and Discussion 
3.4.1. REEs in Aquifer Rocks 
ConcentraGons (ppm) o f the REEs in 36 rock samples analyzed using ICP-MS in 
this smdy, along with shale-normaGzed Yb/Nd raGos and Ce/Ce* and Eu/Eu* raGos, are 
presented in Table 3.1. REE abundances are commonly evaluated after normalizing the 
measured REE concentraGons to the REE concentraGon in an average chondnGc 
meteonte (in the case o f igneous rocks or magmaGc processes) or average shale (in the 
case of sedimentary rocks or weathenng processes) or upper continental crustal (UCC)
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values (Taylor and McLennan, 1985). This step smoothes out the atomic number 
dependent variations in the absolute abundances o f the REE and facilitates the assessment 
o f the processes under consideraGon. The shale- and UCC-normaGzed REE paGems are 
very sim ilar, except the UCC REE values are -20% lower than the shale (e.g.. North 
American Shale Composite, NASC) values. Hence, normalizaGon o f REE data to UCC 
w ill generate relaGvely similar REE fracGonaGon pattems but higher values (Johaimesson 
et al., 2004) comparing with normalizaGon of REE to the average shale (NASC), which 
was used in this study.
5.4.7.7. RE& in Doio/nitg RocLr 
A  total of 25 dolomite (or dolomiGc Gmestone) rock samples, including BKD l - 
BKD14, FR3 - ER7, and HG l - HG6, were analyzed for their REEs. ConcentraGons of 
the REEs in these dolomite rocks are fa irly low, ranging Gom 1 to 48 ppm for total REEs 
(TREEs) and 0.2 to 9 ppm for Nd (Table 3.1). The shale-normaGzed REE pattems (Figs. 
3.2 - 3.4) for these dolomite samples are fanly simGar except for s li^ it difference in 
concentraGons. They aU are quite Gat with only sGght LREE or HREE ennchments 
[(Yb/Nd)sN raGos Gom 0.61 to 2.11, SN = shale-normalized]. Most o f these dolomite 
rocks don't exhibit negaGve Ce anomalies (Ce/Ce* = 0) and Eu anomahes (Eu/Eu* = 0). 
Several samples have very weak Ce and Eu anomahes, such as BKD l 1 with a negaGve 
Eu anomaly (Eu/Eu* = - 0.30), FR6 with a posiGve Ce anomaly (Ce/Ce* = 0.22), and 
HG4 with a weak negaGve Ce anomaly (Ce/Ce* = - 0.08) and a weak posiGve Eu 
anomaly (Eu/Eu* = 0.10) (Table 3.1). These dolomite samples also show some vanaGons 
in them HREE concentraGons (Figs. 3.2 - 3.4). However, the shale-normahzed REE
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Table 3.1. Rare earth element concentrations (ppm) o f aquifer rocks Gom Southem Nevada for this study.
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Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu (YWNdkN Ce/Ce* Eu/Eu*
BKD1 1.10 1.50 0.14 0.53 0.09 0.02 0.09 0.01 0.08 0.01 0.05 0.00 0.04 0.00 0.73 -0.05 -0.11
BKD2 0.61 1.24 0.14 0.53 0.09 0.02 0.11 0.01 0.10 0.02 0.06 0.01 0.05 0.00 0.98 0.02 -0.13
BKD3 3.22 7.00 0.81 3.07 0.62 0.15 0.60 0.11 0.66 0.15 0.47 0.07 0.47 0.07 1.66 0.03 0.01
BKD4 3.42 7.51 0.94 3.60 0.72 0.15 0.69 0.11 0.66 0.13 0.39 0.06 0.37 0.06 1.11 0.01 -0.04
BKD5 6.93 14.73 1.77 6.65 1.36 0.25 1.28 0.21 1.24 0.26 0.78 0.11 0.72 0.11 1.18 0.01 -0.10
BKD6 2.48 4.46 0.47 1.83 0.35 0.06 0.34 0.05 0.35 0.07 0.23 0.03 0Z1 0.03 1Z5 0.00 -0.10
BKD7 1.09 2.01 0Z5 0.92 0.16 0.04 0.16 0.03 0.14 0.03 0.08 0.01 0.08 0.01 0.89 -0.02 0.07
BKD8 3.90 8.18 1.02 3.79 0.71 0.15 0.68 0.11 0.62 0.13 0.41 0.05 0.37 0.05 1.06 0.00 -0.03
BKD9 5.93 12.80 1.57 6.13 1.36 0.30 1.36 0.24 1.57 0.35 1.12 0.18 1.19 0.19 2.11 0.01 -0.02
BKD10 2.98 5.36 0.62 2.28 0.38 0.08 0.38 0.05 0.32 0.07 0.19 0.02 0.17 0.02 0.80 -0.02 -0.04
BKD11 5.03 9.78 1.07 4.33 0.80 0.09 0.74 0.07 0.70 0.14 0.47 0.02 0.50 0.04 1.26 0.01 0.30
BKD12 5.07 11.26 1.47 5.56 1.24 0.30 1.29 0.23 1.50 0.33 1.03 0.16 1.06 0.17 2.05 0.00 0.01
BKD13 9.84 19.91 2.39 8.93 1.53 0.36 1.55 0.23 1.30 0.27 0.77 0.10 0.61 0.10 0.74 0.00 0.00
BKD14 3Z2 6.72 0.90 3.31 0.65 0.16 0.64 0.10 0.57 0.13 0.37 0.05 0.36 0.05 1.16 -0.01 0.02
FR3 0.92 1.73 0.20 0.67 0.13 0.03 0.14 0.03 0.12 0.03 0.08 0.01 0.07 0.01 1.13 0.00 -0.08
FA4 0.63 1.49 0.15 0.54 0.12 0.02 0.11 0.02 0.11 0.03 0.07 0.01 0.06 0.01 1.24 0,07 -0.04
FR5 4.73 10.63 1.09 3.78 0.66 0.15 0.70 0.11 0.63 0.13 0.37 0.05 0.32 0.05 0.91 0.06 -0.04
FR6 6.35 16.08 0.80 3.00 0.45 0.11 0.46 0.07 0.37 0.08 0.22 0.03 0.17 0.03 0.61 0.22 -0.01
FR7 7.22 15.41 1.61 5.91 1.10 0.27 1.05 0.16 0.83 0.18 0.46 0.06 0.39 0.06 0.72 0.04 0.02
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Table 3.1. (Continued)
HG1 0.50 0.90 0.12 0.39 0.08 0.03 0.13 0.02 0.06 0.02 0.04 0.01 0.04 0.01 0.97 -0.05 0.05
HQ2 0.69 1.16 0.14 0.49 0.10 0.03 0.10 0.02 0.08 0.02 0.05 0.01 0.05 0.01 1.10 -0.01 0.08
HG3 0.48 1.00 0.12 0.40 0.08 0.02 0.07 0.02 0.06 0.02 0.04 0.01 0.03 0.01 0.90 0.02 0.01
HG4 0.32 0.53 0.07 0.24 0.04 0.01 0.05 0.01 0.04 0.01 0.03 0.01 0.02 0.01 1.06 -0.08 0.10
HG5 0.33 0.63 0.07 0.26 0.06 0.01 0.05 0.01 0.03 0.01 0.02 0.01 0.02 0.00 0.93 -0.01 0.03
HG6 0.37 0.63 0.08 0.29 0.05 0.01 0.06 0.01 0.05 0.01 0.03 0.01 0.03 0.01 1.04 -0.05 0.04
TW1 1.85 1.37 0.27 1.02 0.16 0.05 0.23 0.03 0.20 0.06 0.17 0.03 0.14 0.03 1.50 -0.34 -0.01
TW2 3.24 1.19 0.33 1.22 0.19 0.05 0.27 0.04 0.25 0.08 0.22 0.03 0.18 0.03 1.59 -0.59 -0.03
NTS1 3.87 4.29 0.75 2.87 0.56 0.22 0.70 0.10 0.57 0.14 0.40 0.06 0.34 0.05 1.27 -0.21 0.18
NTS2 2.13 2.39 0.44 1.68 0.32 0.11 0.46 0.07 0.38 0.10 0.26 0.04 0.23 0.04 1.46 -0.22 0.08
NTS3 2.53 2.19 0.46 1.85 0.37 0.09 0.50 0.08 0.48 0.12 0.38 0.05 0.32 0.06 1.87 -0.31 -0.08
BF Vitrl' 79.69 149.70 16.36 53.14 8.40 1.08 7.09 0.95 5.20 1.05 3.10 0.43 3.12 0.48 0.64 0.01 -0.22
BF Ash Fall' 44.56 91.45 10.44 35.71 6.66 0.49 6.21 0.98 5.83 1.12 3.64 0.61 3.48 0.52 1.06 0.02 -0.48
BF Med.' 38.51 78.37 9.23 32.64 6.50 0.73 5.98 0.97 5.45 1.12 3.35 0.54 3.41 0.48 1.13 0.01 -0.30
TM Nomv.' 38.99 77.31 8.41 26.19 4.81 0.38 4.39 0.62 3.78 0.74 2.18 0.34 2.30 0.34 0.95 0.02 -0.45
TM Weld' 36.13 73.65 8.11 25.92 4.96 0.27 4.75 0.75 4.56 0.95 2.88 0.42 2.86 0.43 1.20 0.02 -0.63
Paintbrush' 31.86 71.70 8.15 26.65 7.02 0.35 6.87 1.15 6.79 1.39 3.99 0.57 3.82 0.56 1.56 0.04 -0.67
* Data Irom Johannesson et al. (1997a). 
Ce/Ce* = log {2CesN/[LasN + PrsN]}. 
Eu/Eu* = log {2EusN/[SmsN + GdsN]}.
patterns for these samples are generally flat. Currently, it is unclear whether the shale- 
normalized patterns of these dolomite (or dolomitic limestone) rocks reflect differences 
in the distribution o f REEs in the early Paleozoic seas or redistribution of REEs in these 
rocks during late diagenetic processes, such as compaction, dolomitization, and thermal 
flu id alteration.
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Fig. 3.2. Shale-normalized REE patterns for dolomite rocks from the Bonanza King 
Formation (Cambrian) at Frenchman Mountain near Las Vegas, Nevada.
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Fig. 3.3. Shale-normalized REE patterns for dolomite rocks (FR3 and FR4) from the 
Nopah Formation (Cambrian) and for Ordovician dolomitic limestone (FR5, FR6, and 
FR7) from Fossil Ridge in the Sheep Range, Nevada.
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Fig. 3.4. Shale-normalized REE patterns for dolomite rocks from the Bonanza King 
Formation (Cambrian) near Mercury, Nevada.
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3.4.7.2. REEg m
Five limestone samples (TW l, TW2, NTSl, NTS2, and NTS3) were analyzed for 
their REEs. Collected from the Permian Toroweap Formation and the Tippipah 
Formation, these limestone samples are correlative in geolo^cal age. They have the 
lowest REE concentrations determined in this study, ranging from 1 to 3 ppm for Nd and 
less than 15 ppm for TREEs (Table 3.1). Both REE concentrations and shale-normalized 
REE patterns (Fig. 3.5) for these limestones are very similar. Unlike older carbonate 
(dolomite) rocks, the shale-normalized REE patterns for these younger carbonate 
(limestone) rocks show HREE enrichments [(Yb/Nd)sN ratios from 1.5 to 1.9] with strong 
negative Ce anomalies (Ce/Ce* ratios from -  0.59 to -  0.21, Table 3.1, Fig. 3.5) and no 
or weak Eu anomalies, such as NTSl and NTS2 exhibiting weak positive Eu anomalies 
(Eu/Eu* = 0.18 and 0.08, respectively. Table 3.1, Fig. 3.5). In addition, the shale- 
normalized REE patterns of these upper Paleozoic limestones are essentially identical to 
shale-normalized patterns for modem seawater (e.g., ElderEeld and Greaves. 1982; 
Bertram and ElderGeld. 1993). Bellanca and others (1997) showed that carbonate rocks 
could mimic seawater-like REE signatures by uptaking o f dissolved REEs during calcite 
formation in seawater. Therefore, the REE data from Permian rocks m this study suggest 
that Permian seawater had relatively similar REE signatures to modem seawater. The late 
diagenetic processes might not dramatically modify REE signatures in these limestones. 
More REE data from the upper Paleozoic limestones are needed to ve ri^  this hypothesis.
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Fig. 3.5. Shale-normalized REE patterns for limestone rocks from the Toroweap 
Formation (Permian) (TW l and TW2) at Frenchman Mountain near Las Vegas, and from 
the Tippipah Formation (Permian) (NTSl, NTS2, and NTS3) at the NTS, Nevada.
3.̂ .7.3. RE& in Vb/conic 
The REE data for six volcanic rocks collected from the NTS, including BF V itric, 
BF Ash Fall, BF Med., TM Nonw., and TM Weld, are also included in this study (Table 
3.1). Concentrations o f the REEs in these rocks range from 167 to 330 ppm for the total 
rare earth elements (TREEs) and 26 to 53 ppm for Nd. These values are predictably much 
higher than those in the carbonate rocks (Johannesson et al., 1997a). The shale-
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normalized REE patterns (Rg. 3.6) for six volcanic rocks are almost identical. A ll six 
volcanic rock samples show fa irly strong LREE or slight HREE enrichments [(Yb/Nd)sN 
ratios from 0.64 to 1.55], with strong negative Eu anomalies (Eu/Eu* ratios from -  0.67 
to -  0.22, Table 1) and no Ce anomalies in their shale-normalized REE patterns (Fig. 
3.6).
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Fig. 3.6. Shale-normalized REE pahems for felsic volcanic rocks from the NTS, Nevada 
(Johannesson et al., 1997a).
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.3.4.7.4. Avgragg m LocaZ
The 36 rock samples in this study represent the three major aquifer-bearing rock 
types in southern Nevada. The REE data in these rock samples indicate that different 
types of rocks have their own distinctive REE signatures. However, the same type of rock 
exhibits a similar REE concentration and shale-normalized pattern. Therefore, it is 
statistically rational to compute average REE concentrations for each type of rock with 
more REE data available from local rocks to which groundwaters from this region can 
normalize.
Table 3.2 presents the average REE concentrations, (Yb/Nd)sN ratios, and Ce/Ce* 
and Eu/Eu* ratios for three types o f aquifer rocks (dolomite, limestone, and volcanic 
rocks ) in southern Nevada. They were computed by averaging REE concentrations of 25 
dolomite and dolomitic limestone samples, 5 limestone samples, and 6 felsic volcanic 
samples, respectively.
The shale-normahzed REE patterns for the average dolomite, limestone, and 
volcanic rocks in southern Nevada are shown in  Pig. 3.7. Three distinctive REE patterns 
can easily be recognized. Dolomite exhibits a fla t shale-normalized pattern with a slight 
HREE enrichment [(Yb/Nd)sN = 1.10] and no obvious Ce and Eu anomalies. Limestone 
shows a seawater-like, shale-normalized REE pattern with a fa irly strong HREE 
enrichment [(Yb/Nd)sN = 1.54], a strong negative Ce anomaly (Ce/Ce* = - 0.34), and a 
weak Eu anomaly (Eu/Eu* = 0.03). In contrast to the two types o f carbonate rock, 
volcanic rock is slight enriched in LREE [(Pr/Yb)sN = 1.11] w ith a strong negative Eu 
anomaly (Eu/Eu* = - 0.42) and no Ce anomaly. Concentrations o f REEs in volcanic rocks
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are one order o f magnitude higher than those in carbonate rocks (Table 3.2).
Table 3.2. Average REE concentrations (ppm) in three types of local rocks, southern
Nevada. SN = shale-normahzed.
Dolomite Limestone Volcanic
La 3.09 2.72 44.96
Ce 6.51 2.28 90.36
Pr 0.72 0.45 10.12
Nd 2.70 1.73 33.38
Sm 0.52 0.32 6.39
Eu 0.11 0.10 0.55
Gd 0.51 0.43 5.88
Tb 0.08 0.06 0.90
Dy 0.49 0.38 5.27
Ho 0.11 0.10 1.06
E r 0.31 0.28 3.19
Tm 0.04 0.04 0.47
Yb 0.30 0.24 3.17
Lu 0.04 0.04 0.47
(Yb/Nd)sx 1.10 1.54 1.03
Ce/Ce* 0.01 -0.34 0.02
Eu/Eu* -0.02 0.03 -0.42
Ce/Ce* = log {2Cesx/[LasN + Prs^]}. 
Eu/Eu* = log {2EusN/[SmsN + GdgN]}.
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Fig. 3.7. Shale-Normalized REE patterns for average dolomite, limestone, and volcanic 
rocks in  southern Nevada. Note: the average REE concentrations were computed based 
on the REE data from dolomite, limestone, and volcanic rock samples analyzed in  this 
study.
3.4.2. REEs in  Groimdwaters 
Concentrations (in pmol/kg) o f the REEs in groundwaters 6 om southern Nevada 
and eastern Cahfomia, which are discussed in this study, are presented in Table 3.3. 
Many springs and wells were sampled more than once, such as the springs and weUs in 
Ash Meadows, Furnace Creek, Amargosa Valley, Spring Mountains, and Pahranagat 
Valley. The geochemical data o f these groundwaters were fa irly consistent for multiple
44
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La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu (Yb/Nd)#, Ce/Ce* Eu/Eu*
Army* 8.39 17.48 2.19 9.08 1.87 0.28 1.77 0.32 1.45 0.39 1.19 0.18 0.83 0.17 1.18 0.00 -0.18
Ash Meadows* 27.17 48.17 6.62 26.67 5.40 1.05 5.63 0.82 4.65 1.05 3.07 0.48 3.00 0.53 1.46 -0.05 -0.10
Furnace Creek* 38.67 67.67 6.77 26.67 5.30 1.03 5.50 0.77 4.17 0.83 2.47 0.37 2.40 0.40 1.17 0.01 -0.09
Amargosa* 9.40 2.41 7.77 1.50 0.45 1.31 0.20 1.30 0.38 1J23 0.18 0.98 0.15 1.64 -0.04 0.13
Spring Mtns.* 21.37 4.60 3.61 16.29 4.64 1.28 6.02 0.96 5.69 1.44 4.33 0.57 3.58 0.58 2.86 -0.90 0.00
Pahranagat* 6.21 3.13 0.75 3.20 0.83 0.18 0.73 0.11 0.71 0.18 0.68 0.13 0.69 0.13 2.82 -0.47 0.00
Cane* 141.12 157.79 39.05 178.10 40.93 44.59 14.78 64.99 16.97 46.35 6.51 52.20 7.41 3.81 -0.28 -0.07
Tippipah* 2322.0 5053.0 468.6 1575.5 395.9 31.1 280.3 45.3 141.0 30.3 84.3 11.8 81.2 12.5 0.67 0.07 -0.40
Topopah* 1008.0 3213.0 234.3 863.1 181.2 17.9 184.7 32.1 190.0 36.4 138.5 18.4 124.7 20.5 1.88 0.21 -0.39
1S Zonet 30.88 32.77 2.84 11.27 2.19 0.06 3.96 0.77 6.52 2.09 8.19 1.51 10.73 2.13 12.37 -0.12 -1.13
.98 Zonal 96.47 146.30 15.24 53.02 10.72 1.30 13.44 1.85 10.45 2.31 6.77 0.95 5.27 0.88 1.29 -0.04 -0.35
9S Zone2 44.31 61.23 5.88 21.10 4.07 0.53 5.24 0.81 5.24 1.30 4.07 0.60 3.96 0.65 2.44 -0.05 -0.32
9S Zones 29.26 41.09 4.08 14.48 3.24 0.21 4.40 0.72 4.68 1.21 4.06 0.63 4.23 0.70 3.79 -0.05 -0.64
9S Zone4 29.08 43.41 7.06 25.24 5.13 0.16 6.56 1.05 6.72 1.59 5.04 0.82 5.04 0.80 2.59 -0.13 -0.96
Ce/C!e* = log {2CesN/[LasN + Prsx]}. 
Eu/Eu* = log {2EusN/[SmsN + GdsN]}. 
* Data from Johannesson et al., 2000.
sampling events at the same site. Therefore, the average REE concentrations were 
calculated and used for these springs (Table 3.3). The REE concentrations for these 
springs and wells were previously reported (Johannesson et al., 1997a, b; 2(%X)). Wells IS 
and 9S, w ith multiple zones (such as Zonel through Zone2 at wed 9S), are located on the 
southwest slope o f the NTS and along the northeast side of Highway 95. As two o f many 
newly-developed monitoring wells for the Nye County Early Warning D rilling Program 
(NCEWDP), IS and 9S have been sampled periodically since 1999. The REE data for 
these two weds dsted in Table 3.3 were from samples codected in May 1999.
Concentrations o f the REEs in these groundwaters are substantiady variable, 
ranging from < 20 pmol/kg to >10,000 pmol/kg for the TREE concentrations (Table 3.3). 
Two springs (Tippipah and Topopah Springs), located at the base of the Shoshone 
Mountain on the NTS, have the highest REE concentrations (1576 pmol/kg and 863 
pmol/kg for Nd, respectively), fodowed by Cane Springs (178 pmol/kg for Nd) and wed 
9S Zonel (53 pmol/kg for Nd). The springs in Pahranagat Vadey have the lowest REE 
concentrations (3.2 pmol/kg for Nd). Army Wed and Amargosa Desert groundwaters 
have simdar REE concentrations (9 pmol/kg and 8 pmol/kg for Nd, respectively). 
Groundwaters from Ash Meadows and Furnace Creek also show similarities in REE 
concentrations (both with 27 pmol/kg for Nd). In addition, groundwaters from Army 
Wed, Amargosa Desert, Spring Mountains, and Pahranagat Vadey exhibit REE 
concentrations that are similar in magnitude to seawater values (Elderfleld and Greaves, 
1982; ElderEeld, 1988; Bertram and ElderGeld, 1993).
Based on different REE signatures, groundwaters in the springs and weds in
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southern Nevada and eastern California were previously classiGed into "carbonate" 
groundwaters and "volcanic" groundwaters (Johannesson et al., 1997a, 2(KX)), which 
represent groundwaters from the carbonate aquifer and the volcanic aquifer, respectively. 
The carbonate groundwaters have relatively low concentrations of REEs (up to two 
orders o f magnitude lower than volcanic aquifer groundwaters) and show a fla t or HREE- 
enriched pattern after shale-normalization. Also, the carbonate groundwaters, unlike the 
volcanic groundwaters, have more diverse shale-normalized REE patterns. In addition, 
some o f these groimdwaters appear to be mixtures of two of more types of waters from 
different aquifers (Winograd and Thordarson, 1975; Johannesson et al., 1997b, 2(XX); 
Stetzenbach et al., 2001).
However, more studies of REE signatures from different groundwaters in 
southern Nevada and eastern California, along with more REE data from local aquifer 
rocks, led us to believe that the "carbonate" groundwaters can be further divided into two 
groups: "dolomite" groundwaters and "limestone" groundwaters, which discharge from 
the Lower Paleozoic carbonate (mainly dolomite and dolomitic limestone) aquifer and 
the Upper Paleozoic carbonate (limestone) aquifer, respectively. Carbonate (both 
dolomite and limestone) rocks widely occur in southern Nevada and eastern California. 
They compose the m ^or hydrolithological units in the regional groundwater aquifers in 
southern Nevada.
Three types o f groundwaters are recognized in this study based on the REE 
signatures and the shale-normalized patterns in these groundwaters: dolomite, limestone, 
and (felsic) volcanic groundwaters. These three types of groundwaters represent the end-
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members of groundwaters from three different types of aquifers. M ixings o f any two or 
three types of groundwaters are common hydrogeological processes in southern Nevada 
and eastern Cahfomia, especially in the areas where abundant faults occur and elevated 
hydraulic heads form (Fridrich et al., 1994; Stuckless et al., 1991; Geldon, 1993; 
Stetzenbach et al., 2001).
"Dolomite" groundwaters, such as those from Ash Meadows, Furnace Creek 
(Death Valley), Army W ell, and Amargosa Desert (Fig. 3.1), have no (or slightly 
negative) Ce anomahes and possibly minor negative or positive Eu anomahes (Fig. 3.8).
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Fig. 3.8. Shale-normahzed REE patterns for groundwaters &om springs and weUs in 
Army, Ash Meadows, Furnace Creek, and Amargosa Desert, southern Nevada and 
eastern Cahfomia.
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The shale-normalized REE patterns of these groundwaters are fa irly flat, although slight 
enrichments o f HREEs are observed. The patterns are similar to those from dolomite 
rocks (Figs. 3.2 - 3.4). Concentrations of the REEs in groundwaters from ash Meadows 
and Army W ell are similar to those from Furnace Creek and Amargosa Desert, 
respectively.
"Limestone" groundwaters, including groundwaters from the Spring Mountains, 
Pahranagat Valley, and Cane Spring on the NTS (Fig. 3.1), have strong negative Ce 
anomalies, substantial shale-normalized HREE enrichments, and minor Eu negative 
anomalies (Fig. 3.9) that closely resemble those in limestone rocks (Fig. 3.5) and those of
3a.
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Fig. 3.9. Shale-normalized REE patterns for groundwaters from Cane Spring at the NTS 
and springs in Pahranagat Valley and the Spring Mountains, southern Nevada.
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seawater (Reet, 1984). Other studies o f carbonate groundwaters from southern Nevada 
and eastern Cahfomia (Death Valley) also demonstrated remarkable similarities between 
groundwater trace element concentrations and those of modem seawater (e.g., Hodge et 
al., 1996,1998). REE concentrations in groundwaters from Pahranagat Valley and the 
Spring Mountains are much lower than those bom Cane Spring.
"Volcanic" groundwaters, including groundwaters from Tippipah and Topopah 
springs on the Nevada Test Site and the NCEWDP wells (IS  Zone 1 and 9S Zonel - 4), 
exhibit distinctive LREE or HREE enrichments and substantial negative Eu anomalies for 
their shale-normahzed pattems (Fig. 3.10); however, they do not exhibit Ce anomahes.
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Fig. 3.10. Shale-normahzed REE pattems for groundwaters 6 om Tippipah and Topopah 
Spring at the NTS and from the Nye County Early Wammg D nlling Program 
(NCEWDP) wehs (IS  and 9S), southem Nevada.
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Compared to the shale-normalized REE pattems in volcanic rocks (Fig. 3.6), some 
volcanic groundwaters (e.g. IS Zone 1) exhibit stronger HREE enrichments (Fig. 3.10).
3.4.3. REE Normalization Using Local Rock Data 
The average REE data from different rock types (Table 3.2) can be used as local 
rock standards to which REE concentrations in groundwaters from southem Nevada and 
eastem California can be normalized. Previous investigators commonly normalized the 
measured REE concentrations to the average shale (e.g., NASC) REE values to study 
relative fractionations o f REEs in natural waters. This approach is warranted if  the 
aquifer material in  the groundwater system is primarily composed of sUiciclastic 
sedimentary rock such as shale, but it is inappropriate for other groundwater systems that 
are composed of non-siliciclastic sedimentary rocks. Therefore, some researchers 
recently have used upper continental cmstal REE values to normalize REE 
concentrations in natural waters (Ojiambo et al., 2003; Johannesson et al., 2004). 
However, REE data from local rocks of which the aquifer material is composed w ill be 
more appropriate to Et this purpose. The saturated zone and the unsaturated zone in 
southem Nevada aquifers are mainly composed of carbonate (dolomite and limestone) 
and felsic volcanic (tuffaceous) rocks (i.e., Winograd and Thordarson, 1975; Stuckless 
and Dudley, 2002), so local rock-based REE standards, or average REE concentrations of 
these local and representative aquifer rocks, are more appropriate.
REE signatures in groundwaters should resemble the rocks of which the aquifer 
material is composed. Normalizing REE concentrations in a speciEc type o f groundwater
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to those in  a corresponding type of rock (e.g., dolomite groundwater normalized to 
dolomite rock) should produce a Hat and smooth pattern if  groundwaters proportionally 
inherit REE signatures Horn rocks. Otherwise, the variations in the pattems indicate 
REEs in groundwaters were fractionated (LREE or HREE enrichments) relative to those 
in rocks during water/rock interaction. On the other hand, groundwater-mixing processes 
add more complexity to the fractionations o f REEs.
REE concentrations of three types of groundwaters were normalized to the 
average REE concentrations (Table 3.2) in dolomite, limestone, and volcanic rocks, 
respectively (Figs. 3.11 - 3.13) to verify the similarities o f REE in both groundwaters and 
rocks. When "dolomite" groundwaters from Ash Meadows, Furnace Creek (Death 
Valley), Army W ell, and Amargosa Desert are normalized to the average dolomite 
(Lower Paleozoic) rock, relatively fla t pattems with no or very weak Ce and Eu 
anomalies are observed (Fig. 3.11), especially in groundwaters from Army Well and 
Furnace Creek [(Yb/Nd)sN ratios =1]. Groundwaters from Ash Meadows and Amargosa 
Desert exhibit weak HREE enrichments [(Yb/Nd)sN ratios = 1.23 and 1.38, respectively]. 
However, when "limestone" groundwaters from the Spring Mountains, Pahranagat 
Valley, and Cane Spring are normalized to the average limestone (Upper Paleozoic) rock, 
these groundwaters aU show strong HREE enrichments [(Yb/Nd)sx ratios = 1.90,1.87, 
and 2.53, respectively] w ith no or weak Eu anomalies (Fig. 3.12). There is no Ce 
anomaly in groundwater from Cane Spring, a weak Ce anomaly in groundwater from 
Pahranagat Valley, and a strong Ce anomaly in groundwater from the Spring Mountains,
52
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Fig. 3.11. Local dolomite-normalized REE pattems for dolomite groundwaters in 
southem Nevada and eastem California (their shale-normahzed REE pattems are shown 
inR g.3.8).
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Fig. 3.12. Local hmestone-normahzed REE pattems for limestone groundwaters in 
southem Nevada (their shale-normalized REE pattems are shown in  Fig. 3.9).
53
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
respectively (Fig. 3.12). Finally, when "volcanic" groundwaters from the NTS (Tippipah 
and Topopah springs) and the NCEWDP wells (IS  Zone 1 and 9S Zonel - 4) are 
normalized to the average volcanic rock, all groundwaters except those at Tippipah 
Spring show HREE enrichment pattems (Fig. 3.13). Interestingly, groundwaters hrom 
Tippipah and Topopah springs, 9S Zonel, and 9S Zone2 exhibit relatively smooth 
normalization pattems without noticeable negative Eu anomalies. The flat rock- 
normalization pattems indicate that these groundwaters are the end-member (perched) in 
the volcanic aquifer without mixing of other types of groundwaters. However, 
groundwaters 6 om IS Zonel, 9S Zone 3, and 9S Zone 4 s till have strong negative Eu 
anomalies in their rock-normalized REE pattems (Fig. 3.13).
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Fig. 3.13. Local felsic volcanic rock-normalized REE pattems for volcanic groundwaters 
in southem Nevada (their shale-normalized REE pattems are shown in Rg. 3.10).
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3.4.4. REE Fractionation Pattems 
A ll groundwaters in this study show more or less HREE or LREE enrichments in 
their shale-normalized (Figs. 3.8 - 3.10) or local rock-normalized REE pattems (Figs.
3.11 - 3.13). However, groundwaters from the Lower (older) Paleozoic carbonate 
(dolomite) aquifer generally have less REE fractionation (HREE enrichment) than 
groundwaters from the Upper (younger) Paleozoic carbonate (limestone) aquifer. The 
shale-normahzed Yb/Nd ratios (a measure o f fractionation) in "dolomite" groundwaters 
are lower than those in "limestone" groundwaters (Table 3.3). Groundwaters from the 
volcanic aquifer have either HREE or LREE enrichments. Some volcanic groundwaters 
in the NCEWDP weUs (IS  Zonel and 9S Zone2 - 4) are strongly enriched in HREE.
One explanation for the differences in the REE fractionations in  groundwaters 
from southem Nevada and eastem Cahfomia is aquifer rock through which these 
groundwaters flow. The REE data of representative aquifer rocks presented here strongly 
suggest that groundwaters inherit REE signatures from aquifer materials. When 
normalizing to the shale REE values, groundwaters and aquifer rocks through which 
groundwaters flow  wih demonstrate similar fractionation pattems.
Another explanation for the greater HREE enrichments "hmestone" groundwaters 
compared to the younger Paleozoic carbonate aquifer rocks is the solution complexation 
reaction involving the REEs (Johaimesson et al, 1996; 2000). The dissolved forms o f 
REEs are dominated by carbonate complexes. Stabihty constants of the formation of REE 
carbonate complexes increase with increasing atomic number across the REE suite (e.g., 
Cantrell and Bryne, 1987; Mülero, 1992; Lee and Bryne, 1993). Carbonate complexes o f
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the HREEs are more stable in solution than those of the LREEs. As a result, HREEs are 
enriched relative to LREEs in carbonate groundwaters.
lté  third explanation for enrichment of HREEs over LREEs in groundwaters 
compared to the younger Paleozoic carbonate rocks is related to preferential removal of 
LREEs to aquifer surface, which is governed by the REE solid-liquid partitioning 
coefficients (Æj) (Benedict et al., 1997). The Xa's for the carbonate rock materials are 
always greater than for the felsic volcanic rock materials. In addition, the Æ '̂s generally 
decrease with increasing atomic number across the REE suite (Benedict et al., 1997). 
Consequently, REEs have more chances to be absorbed by carbonate rocks or materials 
than by volcanic rocks or materials. HREEs have a weaker afOnity for aquifer rock 
surface than the LREEs in both the carbonate- and felsic volcanic-rock aquifers of 
southem Nevada.
Finally, mixing o f groundwaters from different aquifers also modifies REE 
concentrations, signatures, and REE fractionations. For example, two NCEWDP wells 
(IS  and 9S) are typical volcanic groundwaters with strong negative Eu anomalies. 
However, groundwaters from several zones of two wells (IS  Zonel and 9S Zone2 - 4) 
exhibit strongly eiuiched in HREE. These fractionations may be due to the contribution 
o f groundwaters from the carbonate (limestone) aquifer or groundwaters interacting with 
carbonate materials (including alluvium composed o f fragments of these carbonate 
rocks). Another example is the groundwater from Cane Spring on the NTS, which mainly 
demonstrates REE signatures o f "limestone" groundwaters with a negative Ce anomaly 
and HREE enrichment. However, groundwater in Cane Spring has much higher REE
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concentrations (Table 3.3) and a less negative Ce anomaly than other carbonate 
groundwaters. Located between Tippipah and Topopah Springs and the Spring 
Mountains, Cane Spring waters are likely a mixture of volcanic groundwaters from 
Tippipah and Topopah springs and carbonate groundwaters from the Spring Mountains. 
Stetzenbach and others (2001) also suggested that Cane Spring waters are a mixture of 
predominantly regional carbonate groundwater and a lesser amount of local volcanic 
waters based on the PCA study on trace elements in these groundwaters.
3.5. Conclusions
Comparisons o f the REE concentrations and behaviors in  both groundwaters and 
aquifer rocks demonstrate that the shale-normalized REE pattems of the carbonate 
groundwaters and those of the volcanic rock groundwaters resemble the shale-normalized 
REE pattems of the respective rock types through which they flow. Carbonate 
groundwaters can be further distinguished into "dolomite" groundwaters discharging 
from the Lower Paleozoic carbonate (dolomite or dolomitic limestone) aquifer and 
"limestone" groundwaters discharging from the Upper Paleozoic carbonate (limestone) 
aquifer. Groundwaters 6 om Army W ell and Furnace Creek, from the Spring Mountains, 
and from Tippipah and Topopah springs represent the end-members o f groundwaters 
from dolomite, limestone, and volcanic rock aquifer, respectively. REE signatures in 
groundwaters mimic those in the aquifer rocks w ith which these groundwaters interacted. 
M ixing of groundwater from different aquifers in various percentages also resulted in the 
modifications of REE signatures in groundwaters from springs and wells in southem
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Nevada. Comparing and normalizing REE signatures in groundwater to those in the local 
aquifer rocks provide direct information for tracing groundwater sources and for 
understanding changes of REE signatures during rock/water interactions. The negative 
Ce and Eu anomalies are also correlative between groundwaters and aquifer rocks. In 
other words, these anomalies reflect the relative Ce and Eu concentration o f the whole- 
rock samples.
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CHAPTER 4
RARE EARTH ELEMENT GEOCHEMISTRY OF SECONDARY MINERALS 
OCCURRING IN  FRACTURES WITHIN AQUIFERS IN  SOUTHERN NEVADA
4.1. Abstract
A  total o f 26 secondary mineral samples (mainly calcite) were collected from the 
western Pahute Mesa-Oasis Valley (WPM-OV) and from underground tunnels (ESF and 
ECRB) at Yucca Mountain, southem Nevada. These samples were analyzed for their rare 
earth element (REE) concentrations using both ICP-MS and LA-ICP-MS. Different REE 
pattems in secondary minerals, along with other geological and geochemical data (such 
as pétrographie, mineralogical, stable isotope, and flu id  inclusion), suggest that the 
fracture-coating minerals were precipitated from groundwaters that originated from 
different sources over a long interval o f geologic time. Such secondary minerals in 
fractures can precipitate either from groundwater percolating through the unsaturated 
zone, or from upwelling groundwater (both shallow perched and deep aquifer 
groundwater) with hydrothermal flu id  influences, or a combination of these two origins. 
Mineral samples 6om different depths in  the same borehole may have different origins. A 
comparative study was performed using ICP-MS and LA-ICP-MS to analyze the same 
mineral sample for its REE concentrations. The good correlation o f the REE results
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obtained from the two different analytical methods shows a great potential for LA-ICP- 
MS in high-precision spot analysis o f rocks and minerals.
4.2. Introduction
Secondary minerals precipitate from groundwater flowing through fractures, in 
both the unsaturated and saturated zones. The origin of &acture-coating minerals, mainly 
secondary calcite and silica, at the Nevada Test Site (NTS) has been debated for the past 
several years. Two competing hypotheses have been proposed to explain the origin of 
these secondary minerals. Based on extensive isotopic and mineralogical studies, one 
proposal indicates that the secondary minerals (mainly calcite and silica) in the 
unsaturated zone formed from meteoric water infiltrating through and dissolving 
components from the carbonate- and silica-rich soils and from the rocks along fracture 
flow paths (e.g., Szabo and Kyser, 1990; Peterman et al., 1992; Vaniman and Whelan, 
1994; Whelan et al., 1994,1998, 2002; Vaniman and Chipera, 1996; Marshall et al., 
1998; Paces et al., 1998,2(X)1; Wilson et al., 2(X)3). However, on the basis o f flu id 
inclusions in calcite coatings, an alternative proposal attributes these secondary minerals 
to upwelling hydrothermal fluids that occasionally rose far above the normal water table, 
flooding the unsaturated zone, and even discharging at the surface (H ill et al., 1995; 
Dublyansky and Szymanski, 1996; Stuckless et al., 1998; HiU and Dublyansky, 1999; 
Dublyansky et al., 2(X)1). These flu id  inclusion studies have indicated that the 
deposiüonal temperatures of calcite coatings ranged from 35 to 85°C, which is higher 
than modem ambient temperatures at Yucca Mountain. Meanwhile, numerous studies
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have demonstrated that secondary nnnerals exhibit a variety of distinctly dlHerent 
chemical and isotopic signatures which are generally correlated to different zones in the 
hydrostratigraphic column (e.g., Peterman et al., 1992; Whelan and Stuckless, 1992; 
Vaniman, 1993,1994; Paces et al., 1996; Denniston et al., 1997; Rose et al., 1998; 
Vaniman et al., in press). For example, calcite in the upper unsaturated zone may have a 
different signature than those in the deep saturated zone, with regard to minor and trace 
elements and isotopic ratios. Therefore, it is not impossible for secondary minerals w ithin 
fractures or cavities in different zones to have different origins.
Whether the secondary minerals in  fractures formed from percolating meteoric 
water or from upwelling groundwater or hydrothermal flu id, they record geochemical 
changes and the history that occurred in the paleo-groundwater that flowed through the 
factures (W allin and Peterman, 1999; Lee et al., 2(X)3). Therefore, further study of the 
origins of these secondary minerals at Yucca Mountain and elsewhere in southem 
Nevada w ill provide cmcial information for evaluating hydrogeologic changes and the 
fate o f the future nuclear waste repository.
Rare earth elements (REEs), a special group of trace elements, and some other 
trace elements may play an important role in tracing groundwater flow. W ith their unique 
and chemically coherent property, REEs have spawned considerable interest in their 
behavior in geologic processes. Because o f their size and valance, REEs exhibit 
distinctive chemistry as compared to their nearest neighbors (barium and hafnium) in the 
periodic table. Also, the systematic decrease in ionic radius with increasing atomic 
number, within the lanthanide suite, imparts predictable chemical differences that can
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record subtle geochemical processes in natural systems. Consequently, REEs have been 
used extensively as sensitive tracers o f geochemical processes in rock and seawater 
studies (e.g., Hanson, 1980; Elderfield and Greaves, 1982; DeBaar et al., 1983; Cullers 
and Graf, 1984). Recent studies of trace elements and REEs in groundwater systems (e.g., 
Smedley, 1991; Fee et al., 1992; Gosselin et aL, 1992; Stetzenbach et al., 1994,1999, 
2001; Kreamer et al., 1996; Hodge et al., 1996, 1998; Johannesson et al., 1997,1999, 
2000; McCarthy et al., 1998) have shown promising results in the tracing of groundwater 
sources and the prediction of grotmdwater flow  paths. These studies indicate that 
groundwaters and some surface waters can inherit their REE and trace element signatures 
from the rocks or aquifer materials with which they interact. Therefore, understanding the 
geochemistry of REEs and other trace elements in groundwaters is important not only for 
tracing groundwater flow, but also for investigating water/rock interactions.
Previous studies have indicated that REE and other trace elements in fractured 
zones can be changed with the hydrogeochemical state of the groundwater. The 
chondrite- and local rock-normalized REE pattems can be used as a good indicator o f 
groundwater enviromnent changes in fractured rock systems (aquifers) (Johannesson et 
al., 2(XX); Lee et al., 2003). REE and other trace element geochemical analyses in 
individual samples of secondary minerals from Yucca Mountain and adjacent areas 
(Pahute Mesa) w ill greatly help us understand the origin of these secondary minerals, 
including the source of the mineral-precipitating water, water chemistry, water/rock 
interaction, crystallization mechanism, and mineral growth phases. When combined with 
other geochemical studies, such as isotopic and flu id  inclusion studies, REE and other
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trace element analyses of secondary minerals also provide geochemical evidence o f the 
paleohydrologic history and the history o f groundwater movement in the region, which is 
critical information for risk assessments of radioactive waste at the NTS and Yucca 
Mountain.
4.3. Hydrogeologic Setting 
Geologically, the study area belongs to the Basin and Range Province. The 
geology o f the study area contains more than 11,000 m of sedimentary rocks ranging 
from Precambrian through Paleozoic, which were mainly formed in marine 
environments. Overlying the Precambrian and Paleozoic rock interval are approximately 
4000 m o f Tertiary volcanic rocks o f the Timber Mountain-Oasis Valley caldera 
complex. The volcanic rocks are overlain by Quaternary basin-fill alluvial and lacustrine 
deposits (Winograd and Thordarson, 1975). The complete rock and sediment sequence 
with 29 formations in southem Nevada has been grouped into 10 hydrogeologic units, 
including 6 aquifers and 4 aquitards (Winograd and Thordarson, 1975). The lower 
Paleozoic (i.e., Cambrian through Devonian) regional carbonate aquifer (locally up to 
4600 m thick) and the basin-611 aquifer have the widest areal distribution and are the two 
principal aquifers in the region (Winograd and Thordarson, 1975; Dudley and Larson, 
1976; Winograd and Pearson, 1976; Claassen, 1985). These units are the focus of this 
study. The Tertiary volcanic aquifers, which mainly occur in the NTS and the Yucca 
Mountain region, and the upper Paleozoic (Pennsylvania through Permian) carbonate 
aquifer are also identified as important groundwater-bearing units in some areas
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(Winograd and Thordarson, 1975; Dettinger, 1989; Peterman et al., 1992; Fridrich et al., 
1994; Stuckless and Dudley, 2(X)2). Grotmdwater is stored and transmitted in these 
aquifers chiedy through secondary openings developed along fractures.
Many hydrogeologic and geochemical studies suggest that groundwaters of the 
lower carbonate aquifer o f southem Nevada represent complex mixtures o f groundwaters 
recharged in different regions and through different aquifers, including through-6ow o f 
the regional carbonate aquifer as far north as the mountain ranges of central Nevada 
(Winograd and Thordarson, 1975; Dettinger et al., 1995; Davisson et al., 1999), recharge 
from the Spring Mountains, and recharge 6 om Tertiary volcanic rocks on the NTS 
(Winograd and Friedman, 1972; Winograd and Thordarson, 1975; Dudley and Larson, 
1976; Winograd and Pearson, 1976; Cowart, 1979; Osmond and Cowart, 1982; Dettinger, 
1989; Farmer, 1996; Thomas et al., 1996; Stuckless and Dudley, 2002). Figure 4.1 is a 
schematic, hydrogeologic cross-section o f the NTS/Yucca Mountain region showing the 
m ^or three aquifers and the general groundwater flow directions in southem Nevada 
(from Stetzenbach et al., 2001).
4.4. Methodology
4.4.1. Sample Collection 
A total of twenty-six secondary mineral samples were collected and analyzed for 
this study. O f them, seventeen samples were collected from archived cores and cuttings 
o f eleven different drih holes (PM-2, PM-3, UE-18t, U-19AR, U-20AS, ER-EC-4, ER- 
EC-6, ER-EC-8, ER-18-2, ER-30-1, and ER-0V-3a) on the westem Pahute Mesa-Oasis
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Fig. 4.1. Schematic hydrogeologic cross-section showing three aquifers (basin-611, 
volcanic, and regional carbonate) in  southem Nevada (from Stetzenbach et al., 2(X)1).
Valley (WPM-OV) region, and nine samples were collected 6om eight locadons o f the 
Exploratory Studies Facihdes (ESF) and the enhanced charactenzaüon of the repository 
block (ECRB) cross dri6 at Yucca Mountain, Nevada (ESF28+81, ESF59+87, 
ESF60+52.5, ESF 74+03, ESF78+05.2, ESF 78+41, ECRB07+40.5, and ECRB 12+90). 
The sample locaüons for this study are shown in Rgure 4. 2.
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Fig. 4.2. Map of souAem Nevada showing the study area and the sample locations in the 
westem Pahute Mesa and Oasis Valley (WPM-OV) and in the ESF and ERCB at Yucca 
Mountain.
The mineral sampling depth in eleven boreholes in the WPM-OV varies from the 
upper unsaturated zone (-- 170 ft) to the deep saturated zone (> 8000 A). Sample 
information, including d rill hole identification, depths to groundwater tables, sampling 
intervals, lithostratigraphic units, hydrostratigraphic units, and brief sample descriptions, 
are stunmarized in Table 4.1. In addition, detailed pétrographie descriptions and isotopic 
analyses of these samples can be found in technical repoAs by IT  Corporation (1998) and
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Table 4.1. Descripdons of the secondary mineral samples collected Aom the WPM-OV and Yucca Mountain, Nevada.
-.jw
Standing Water Depth Intervals Characteristic
D rill Level Sam;ded Lithostratigraphic Hydrostratigraphic
(A below ground 
surface)
(A below ground 
surface)
Unit Unit
Mineral Assemblage
320 Thirsty Canyon Group 
Spearhead Tuff
Timber Mountain 
Aquifer
Vitric tuff aquifer
calcite and botryoidal 
opaline silica
PM-2 852 5893
Volcanics of Quartz 
Mountain
Rhyodacite to Dacite 
Flows
Basal Aquifer 
lava flow aquifer
quartz, calcite, chlorite,
iUite/smectite, and 
hematite
8050
Volcanics of Quartz 
Mountain Basal Aquifer quartz, calcite, feldspar,
Rhyodacite to Dacite 
Rows lava flow aquifer
chlorite, epidote, and 
pyrite
1790-1810 Basalt of U-19ac Uppa paintbrush calcite
PM-3 1457 Confining Unit
2860-2870 Basaltic Lavas of UE- Calico Hills Confining calcite19e Unit
Timber Mountain Timber Mountain calcite with a mixture of
1378 Group Aquifer
UE-18t 916 Ammonia Tanks Tuff Vitric tuff aquifa
smectite and opaline 
silica
2020
Timber Mountain 
Group
Rainier Mesa Tuff
Tim ba Mountain 
Aquifa
Welded tuff aquifer
calcite with weakly 
iron-stained clay
173
Thirsty Canyon Group
Tiniba Mountain 
Aquifer
calcite as hne grained
U-19ar 2119
Pahute Mesa Tuff Vitric tuff aquifa disseminations
1560
Timber Mountain Timba Mountain calcite as Gne grained 
disseminations
Group
Pool Member
Aquifa
Vitric tuff aquifa
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Table 4.1. (continued)
U-20as 2010 290-330 Timber Mountain Group Timber Mountain Aquifer calcite as cement-likeAmmonia Tanks Tuff Vitric tuff aquifer impregnations
1150-1160 Trachyte of Ribbon Cliff Basal Aquifer lava flow aquifer
chalcedony, clays, calcite
ER-EC-4 749
2210-2220 Timber Mountain Group 
Ammonia Tanks Tuff
Timber Mountain Aquifer 
Welded tuff aquifer
chacedony, Mn-Pe- 
oxides,
with minor smectite
ER-EC-6 1426 3420-3440 Pahute Mesa lobe of
Topopah Spring Tuff 
Timber Mountain Group
Timber Mountain Aquifer
Welded tuff aquifer 
Timber Mountain Aquifer
smectite, chlorite, 
chacedony
REE-beaiiog carbonate 
calcite and quartz
ER-EC-8 323 1850-1870 Mafic-poor 
Ammonia Tanks Tuff 
Timber Mountain Group
Welded tuff aquifer 
Timber Mountain Aquifer calcite and Fe-Mn-oxides
ER-EC-18-2 1213 2050-2080 Mafic-rich
Ammonia Tanks Tuff
Welded tuff aquifer
ER-30-1 451 750-760 Rhyolite of Chuker Canyon lava flow aquifer calcite
ER-0V-3a 57 20 Alluvium Alluvial Aquifer calcite
ESF28+81 Early Stage: calcite(anhedral
ESP59-t-87 Paintbrush Group;
crystals and stubby 
blades)
ESF60-t-52.5 1600 -  2300 950 -  1000 Tiva Canyon Tuff
Intermediate Stage: 
calcite
ESP78+05.2(T) PTn Welded tuff aquifer and less opal
ESF78-K)5.2(B) Late Stage: clear andTopopah Spring Tuff sparry
ECRB07-H40.5 calcite and opal
ECRB12-t90
Note: Data Aom IT  Corporation (1998) and Benedict and others (2000).
Benedict and others (2000).
The ESF at Yucca Mountain is a 7.6 m (24.5 A) diameter, 7.8 km (4.8 miles) long 
C-shaped tunnel. It was excavated through the Tiva Canyon TuA, PTn, and Topopah 
Spring TuA to allow direct studies on the volcanic sAatigraphy. The ECRB at Yucca 
Mountain, approximately 15 m (50 A) above the repository horizon, is a smaller and 2.7 
km (1.7 miles) long side tunnel. It was constructed to Anther examine the Topopah Spring 
TuA and the Solitario Canyon fault zone. The unsaturated zone at Yucca Mountain 
extends Aom the surface to depths o f 5(X) to 7(X) m (1600 to 2300 A), where the water 
table is encountered and the saturated zone begins. The future repository horizon is 
approximately 3(X) m (985 A) below the surface and 2(X) to 4(X) m (650 to 1300 A) above 
the water table.
Unlike archived cores and cuttings, the mineral samples at Yucca Mountain were 
directly collected Aom the underground tunnels. Starting in 1995, more than 300 
secondary mineral samples were coAected Aom the ESF and ECRB tunnels to help 
reconstruct the Quaternary paleohydrology of the unsaturated zone. Detailed studies of 
Auid inclusions w ithin secondary minerals in  the unsaturated zone at Yucca Mountain 
were recently conducted by researchers at the Department o f Geoscience at the 
University o f Nevada, Las Vegas (UNLV) and the U.S. Geological Survey (USGS) 
(Whelan et al., 2002; Wilson et al., 2003).
4.4.2. Analysis o f REEs Using ICP-MS
The REEs were measured in 24 (not in ESF 77+03 and ESF 78+41) secondary
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mineral samples using inductively coupled plasma mass specAometry (ICP-MS) (Perkin- 
EAner® Elan 5000). The sample preparaAons and the analytical methods are similar to 
those used for rock analysis (Johannesson and Zhou, 1999). BrieAy, minerals in the veins 
and fracture coatings were separated Aom the host rock using dental tools and picks. The 
mineral samples were cleaned using distilled water and ground with a mortar and pestle. 
Approximately 0.25 grams o f each mineral (i.e., powder) sample were placed in 
ultraclean TeAon®-lined microwave digesAon bombs, foUowed by 5 mL of ulA^ure HE 
(Seastar, Inc. double sub-boiling, distilled in TeAon®) and 5 mL o f ultrapure HNO3 
(Seastar, Inc. double sub-boihng, distiUed in quartz). The TeAon®-lmed microwave 
digesAon bombs were then sealed and placed in a microwave oven (CEM CorporaAon 
MDS-2KX)) and heated to 190°C and pressurized to 8.62 x 10̂  Pa (125 p.s.i.) for 25 
minutes. After 25 minutes, the samples were allowed to cool before 50 mL of a saturated 
boric acid soluAon was added to each sample. The samples were subsequenAy heated 
again in the microwave for 5 minutes at 70°C and 6.9 x 10̂  Pa -1.38 x lO'̂  Pa (1 - 2 
p.s.i.). The dissolved rock samples were then decanted into clean polyethylene botdes 
and dAuted by a factor o f 2 - 50 be Are analysis using ICP-MS. In this case, a series o f 5 
standards of known concentraAon (i.e., 0.01 pg/kg, 0.05 pg/kg, 0.25 pg/kg, 0.5 pg/kg, 
and 1.0 pg/kg) were prepared and routinely monitored during analysis in order to 
calibrate the instrument, check the calibraAon, and calculate the trace element 
concentraAons of these samples. The U.S. Geological Survey rock standard W-2 
(diabase) was included as a check standard during the analysis; our measurements never 
deviated Aom the standard by more than 10%. A duplicate sample and a method blank
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were analyzed for quality conAol o f the analyses.
4.4.3. Analysis of REEs Using LA-ICP-MS 
Three mineral samples Aom Yucca Mountain, including ESF 60+52.5, ESF 
77+03, and ESF 78+41, were selected for REE analysis using the laser ablaAon -  
inducAvely coupled plasma -  mass specAometry (LA-ICP-MS) at the AnalyAcal 
Laboratoiy o f Nevada Bureau of Mines and Geology at the University o f Nevada, Reno. 
Sample ESF 60+52.5 was analyzed by both ICP-MS and LA-ICP-MS. The mineral 
samples were prepared as poAshed 1(X) pm thick thin secAons without covers. With the 
uinque operating condiAons, such as wavelength, energy, laser repeAAon Aequency, 
ablaAon duraAon, and laser beam size (-  100 pm in diameter), the LA-ICP-MS system 
makes it  possible to quantify trace element concentraAons (including REEs) at speciBc 
spots or growth zones o f rock and mineral samples (Poitrasson et al., 2(XX)). A total o f 15 
spots within the mineral growth zones in three mineral samples were analyzed for their 
REE concentraAons, including 5 spots (Spots 1 - 5) in ESF 78-t41,4 spots (Spots 6 - 9) in 
ESF 77+03, and 6 spots (Spots 10 -15) in ESF 60+52.5. The NaAonal InsAtute of 
Standards and Technology standard (NIST SRM 612-1), a homogenized glass matrix (3 
mm wafer) spiked with up to sixty-one trace elements at known concenAaAons, was used 
to calculate REE concentraAons at those spots. Prior to final calculaAons o f Aace element 
concenAaAons at each spot, instrumental errors were eliminated by subtracting intensity 
counts for trace elements in the samples w ith corresponding intensity counts in the 
instrument blanks. A second NIST standard (NIST SRM 612-2) was analyzed as a check
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standard; most of our measurements were within ± 20% of this standard.
4.5. Analytical Results
4.5.1. Rare Earth Elements Analyzed by ICP-MS 
We analyzed the concentrations (ppm) of REEs in 24 secondary mineral samples 
by ICP-MS in this study, along with chondrite-normalized Nd/Yb ratios, shale- 
normalized Yb/Nd ratios, and Ce/Ce* and Eu/Eu* ratios. The results are presented in 
Table 4.2. REE abundances are commonly evaluated after normalizing the measured 
REE concentrations to the concentration in an average chondritic meteorite (in the case of 
igneous rocks or magmatic processes) or average shale (in the case o f sedimentary rocks 
or weathering processes) (e.g. Evensen et al., 1978). This step smoothes out the atomic- 
number-dependent variations in the absolute abundances o f the REE and facilitates the 
assessment o f the processes under consideration. Because the geologic enviromnent 
recorded in the samples Aom WPM-OV d rill samples and Aom the Yucca Mountain 
tunnels was complex and reAected overlapping hydrothermal and weathering processes, 
both chondrite- and shale-normalized REE plots are presented. Chondrite-normalized 
REE pattems for the 24 samples are shown in Figure 4.3, while shale-normalized REE 
pahems for the same samples are shown in Rgure 4.4.
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Table 4.2. REE concentrations (ppm) of the secondary mineral samples coAected from Southern Nevada for this study. 
AnalyAcal Method: ICP-MS. CN = chondrite-normalized, SN = shale-normalized.
".j\D
Sample La C * Pr Nd 8m Eu Gd Tb Dy Ho Er Tm Yb Lu (NdfYbkw (YblNd)#* CafCaf EufEu*
PM-2/320 0.54 0.41 0.11 0.43 0.08 0.01 0.08 0.01 0.05 0.01 0.03 0.00 0.02 0.00 6.46 0.56 -0.39 -0.25
PM-2/5893 75.34 109.69 12.56 39.89 8.51 4.87 8.00 1.21 5.11 0.85 2.09 0.27 1.58 0.23 8.41 0.43 -0.07 0.40
PM-2/80GO 31,68 62.24 6.78 21.88 2.97 0.70 3.09 0.36 1.56 0.29 0.84 0.11 0.69 0.10 10.51 0.34 0.02 -0.01
PM-3/1790 8.97 29.45 2.50 8.16 3.30 0 2 2 3.08 0.57 2.99 0.60 1.70 0.26 1.64 0.25 1.68 2.18 0.18 -0.53
PM-3/2860 22.56 42.23 5.14 19.07 6.18 2.27 6.82 1.02 5.38 1.19 3.53 0.53 3.38 0.57 1.88 1.92 -0.02 0.17
UE-18V1378 7.28 0.36 2.62 10.50 3.04 0.11 2.86 0.42 2.01 0.39 1.00 0.13 0.71 0.11 4.93 0.73 -1.70 -0.79
UE-18V2020 20.20 28.19 3.39 11.06 2.76 1.79 3.44 0.64 3.48 0.65 1.54 0.19 1.01 0.15 3.63 0.99 -0.09 0.39
U-19AR/173 51.01 90.46 10.52 34.57 7.77 1.56 7.29 1.08 5.39 1.12 3.43 0.51 3.29 0.52 3.5 1.03 -0.02 -0.05
U-19AFV1560 17.78 36.91 4.92 18.35 4.86 0.78 4.49 0.73 3.91 0.82 2.45 0.36 2.28 0.36 2.68 1.35 -0.02 -0.15
U-20AS/290 41.55 83.93 8.40 25.47 5.56 0.87 5.16 0.78 4.01 0.88 2.71 0.40 2.68 0.42 3.16 1.14 0.04 -0.16
ER-EG-4a 1.83 0.44 0.92 4.68 1.17 0.27 1.29 0.22 1.30 0.27 0.77 0.10 0.55 0.07 2.86 1.26 -1.11 -0.02
EFt-EG-4b 1.91 2.77 0.50 2.02 0.38 0.11 0.47 0.09 0.59 0.14 0.46 0.07 0.37 0.04 1.84 1.97 -0.16 0.02
ER-EC-6 21.25 53.08 10.98 34.56 16.79 2.60 19.73 3.97 16.07 4.36 10.70 1.36 7.51 0.87 1.53 2.35 -0.10 -0.22
ER-EC-8 31.10 0.64 8.93 24.55 5.75 0.31 5.08 0.69 3.19 0.60 1.58 0.20 1.10 0.14 7.44 0.48 -2.03 -0.62
ER-18-2 20.44 22.68 3.57 12.39 2.70 1.59 3.26 0.66 4.20 0.89 2.56 0.37 2.27 0.36 1.82 1.98 -0.19 0.35
ER-30-1 32.59 57.16 7.42 19.94 4.06 0.63 3.84 0.56 3.01 0.62 1.91 0.29 1.93 0.28 3.44 1.06 -0.05 -0.16
E R -0V-3a 40.33 84.10 9.88 26.46 5.60 0.99 5.12 0.74 4,00 0.78 2.30 0.35 2.34 0.35 3.77 0.96 0.01 -0.10
ESF28+81 6.54 0 2 3 1.77 6.79 1.77 0.07 2.15 0.34 1.80 0.35 0.86 0.10 0.59 0.09 3.84 0.94 -1.78 -0.80
ESFG9+87 19.56 10.47 7.33 22.34 6.44 0.09 7.57 1.16 6.67 1.46 3.90 0.46 2.15 0.28 3.47 1.04 -0.68 -1.28
ESF60+62.5 2.54 0.58 1.17 5.39 1.66 0.04 2.42 0.45 2.93 0.73 2.17 0.29 1.35 0.18 1.33 2.72 -1.11 -1.13
ESF78+05.2(T) 0.46 0.36 0.07 0.16 0.03 0.01 0.04 0.01 0.07 0.03 0.02 0.00 0.02 0.00 3.28 1.10 -0.31 0.05
ESF78+05.2(B) 9.75 0.70 2.59 8.88 2.04 0.04 1.89 0 2 7 1.30 0.25 0.66 0.09 0.52 0.08 5.68 0.64 -1.47 -1.08
ECRB07+40.5 1,59 0 2 4 0.50 2.15 0.67 0.03 0.87 0.15 0.97 0.22 0.66 0.09 0.57 0.09 1.25 2.89 -1.18 -0.73
ECRB12+90 4.38 0.58 1.48 5.89 1.58 0.06 2.04 0.38 2.55 0.63 1.97 0.29 1.71 0.28 1.15 3.14 -1.26 -0.82
Ce/Ce* = log {2(ZesN/[LasN + PrsN]}- 
Eu/Eu* = log {2EusN/[SmsN + GdsN]}.
Most secondary mineral samples Aom the WPM-OV and the Yncca Mountain 
tunnels exhibit REE concentration enrichments relative to chondrite (Sample/Chondrite > 
1) (Fig. 4.3), except for PM-2/320 and ESF 784-05.2 (T). They all are enriched in the light 
rare earth elements (LREE) relative to the heavy rare earth elements (HREE) on a 
chondrite-normalized p lo t Four types o f REE pattems are observed in the chondrite- 
normalized plots shown in Figure 4.3.
(1) Type (Ic ) pattem:
[Samples: PM-2 (320 A), UE-18t (1378 A), ER-EC-4a (1150-1160 A), ER-EC-8
(1850-1870 A), ESF28+81, ESF59+87, ESF604-52.5, ESF78+05.2 (T),
ESF78405.2 (B), ECRB07-H40.5, and ECRB 12+90]
Type (Ic ) is characterized by moderate to strong LREE enrichment, with sAong 
negative Ce and Eu anomalies (Fig. 4.3). The chondrite-normalized Nd/Yb ratios for 
these samples vary Aom 1.15 in ECRB 12+90 to 7.44 in ER-EC-8 (1850-1870 A). The 
Ce/Ce* rados for these samples vary Aom -0.31 in ESF78+05.2 (T) to -2.03 in ER-EC-8 
(1850-1870 A) and the Eu/Eu* ratios Aom -0.02 in EC-EC-4a (1150-1160 A) to -1.28 in 
ESF 59+87 (Table 4.2). A is notable that the sample ESF 78+05.2 (T) has much lower 
REE concenAations with a posiAve Eu/Eu* raAo (0.05) and posiAve Dy and Ho 
anomalies (Fig. 3d). These results may be caused by analytical errors. Hence, the sample 
ESF 784-05.2 (T) is stiU categorized into Type (Ic ) based on its strong LREE enrichment 
and a sAong negaAve Ce anomaly. This pattem is typical o f near-surface (pedogenic)
80
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Fig. 4.3. Chondrite-normalized REE pattems o f 24 secondary mineral samples coAected Aom the westem Pahute Mesa-Oasis Valley 
(WPM-OV) (a, b, c) and the ESF and ERCB at Yucca Mt. (d), southem Nevada. REEs were analyzed using ICP-MS.
processes (Denniston et al., 1997; 23ion et al., 1999b) and is also observed in samples 
from the upper saturated zone. The REE pattems suggest that these samples were 
precipitated Aom downward-Aowing waters originating Aom the unsaturated zone. The 
calcite 5̂  ̂O values A>r these samples are generally consistent with this interpretation (IT 
Corporation, 1998; Benedict et al., 20(X); Whelan et al., 2(X)2). The strong negative Ce 
and Eu anomalies result Aom the decreased solubility that accompanies the oxidation of 
Ce and Eu in a shallow deposiüonal environment (Vaniman and Chipera, 1996).
(2) Type (2c) pattem:
[Samples: PM-3 (1790 A), U-19AR (173 A), U-19AR (1560A), U-20AS (290 A),
ER-EC-6 (3420-3440 A), and ER-30-1 (750-760 A)]
Type (2c) is defined by a moderate to sAong LREE enrichment accompanied by 
very weak Ce and moderate negative Eu anomalies (Fig. 4.3). The chondrite-normalized 
Nd/Yb ratios for these samples vary Aom 1.53 in ER-EC-6 (3420-3440 A) to 3.50 in U- 
19AR (173 A). The Ce/Ce* ratios for these samples range from -0.10 in ER-EC-6 (3420- 
3440 A) to 0.18 in PM-3 (1790 A) and the Eu/Eu* ratios Aom -0.05 in  U-19AR (173 A) to 
-0.53 in PM-3 (1790 A) (Table 4.2). This pattem is associated with samples Aom both the 
saturated zone [PM-3 (1790 A), ER-EC-6 (3420-3440 A), and ER-30-1 (750-760A)] and 
the unsaturated zone [U-19AR (173 A), U-19AR (1560A), and U-20AS (290 A)]. It is 
very similar to the chondrite-normalized REE pattems for felsic volcanic rocks and 
perched volcanic groundwater at the Nevada Test Site [Johannesson et al., 1997,2CKX); 
Zhou et al., 1999a]. Although the calcite samples U-19AR (173 A) and U-20AS (290 A)
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are Aom the shallow imsaturated zone, the geochemical data for these samples suggest 
that they may have originated Aom upwelling groundwater (Benedict et al., 2(X)0).
(3) Type (3c) pattem:
[Samples: PM-2 (5893 A), PM-3 (2860 A), UE-18t (2020 A), and ER-18-2 (2050-
2080 A)]
Type (3c) is characterized by moderate LREE enrichment with a weak negative 
Ce anomaly and a sAong positive Eu anomaly (Pigs. 4.3a - c). The chondrite-normalized 
Nd/Yb ratios for these samples vary Aom 1.82 in ER-18-2 (2050-2080 A) to 8.41 in PM- 
2 (5893 A). The Ce/Ce* ratios for these samples range from -0.02 in PM-3 (2860 A) to - 
0.19 in  ER-18-2 (2050-2080 A) and the Eu/Eu* ratios Aom 0.17 in PM-3 (2860 A) to 
0.40 in PM-2 (5893 A) (Table 3.2). This pattem is only observed in four samples Aom the 
saturated zone. The positive Eu anomaly is reminiscent o f those reported for 
hydrothermal Auids Aom mid-ocean ridges [Klmkhammer et al., 1994], and may imply a 
hydrothermal origin for this sample. This conclusion is consistent with independent 
evidence Aom the mineral oxygen isotope compositions and the coexisting vein mineral 
assemblage (Rose et al., 1998; IT  Corporation, 1998). However, the value for ER- 
18-2 (2050-2080 A) suggests only a moderate depositional temperature (43°C) (Benedict 
et al., 2000). Hence, i f  this sample was of hydrothermal origin, it would probably be 
deposited in a cooler paA of the geothermal system. The calcite 8^̂ C value (-0.9%o) for 
ER-18-2 (2050-2080 A) is within the accepted range o f values for a deep carbon source 
originating Aom Paleozoic bedrock.
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(4) Type (4c) pattem:
[Samples: PM-2 (8050 A), ER-EC^b (2210-2220 A), and ER-OV-3a (20 A)]
The type (4c) pattem is deAned by a moderate to sAong LREE enrichment with 
no or weak Ce and En anomalies (Figs. 4.3a, c). The chondrite-normalized Nd/Yb ratios 
for these samples vary Aom 1.84 in  ER-EC-4b (2210-2220 A) to 10.51 in PM-2 (8050 A). 
The Ce/Ce* ratios for these samples vary Aom -0.16 to 0.01 and the En/Eu* ratios Aom - 
0.10 to 0.02 (Table 2). The sample PM-2 (8050 A) (Fig. 4.3a) and ER-EC^b (2210-2220 
A) (Fig. 4.3c), both Aom the deep saturated zones, do not show sAong negative anomalies 
for either Ce or Eu. Although the calcite sample Aom ER-0V-3a (20 A) (Fig. 4.3c) is 
Aom the shallow unsaturated zone, the geochemical data for this sample suggest it may 
have originated Aom upwelling groundwater (Benedict et al., 2000). This pattem is 
correlative to the chondrite-normalized REE paAems in the Lower Paleozoic carbonate 
rocks and in the carbonate groundwater in southem Nevada (Zhou et al., 1999a; 
Johannesson et al., 1997,1999). It is notable that the three samples displaying this type 
of pattem have an approximate order of magnitude difference in theA REE 
concentrations.
4.5.7.2 7(EE faAem .;
Shale-normalized REE pattems for 24 secondary mineral samples are shown in 
Figure 4.4. The composite shale data used to normalize the mineral sample data are Aom 
Sholkovitz (1988, Table 5.1). Ce and Eu anomalies (negative or positive) in the shale- 
normalized REE pattems are sim ilar to those in the chondrite-normalized REE pattems 
for the same mineral sample. Most samples analyzed in this study exhibit equivalent
84
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order o f magnitude REE concenAations as shale (sample/shale = 1 in  a logarithmic scale) 
(Fig. 4.4). Four samples, including PM-2 (320 A), ER-EC-4a (1150 -  1160 A), ER-EC-4b 
(2210 -  2220 A), and ESF 78+05.2 (T), are depleted relative to shale (sample/shale < 1 in 
a logarithmic scale) and exhibit low REE concenAations. The samples are subdivided 
into three types on the basis o f the shale-normalized pattems and the shale-normalized 
Yb/Nd and Er/Nd ratios (Table 4.3, Fig. 4.4): (Is) enriched LREE with small shale-
Table 4.3. Shale-normalized REE pattems o f the samples examined in this study.
Shale-Normalized REE Pattem Sample (Yb/Nd)sN (Er/Nd)sN
PM-2/8050 0.34 0.39
PM-2/5893 0.43 0.53Type (Is): ER-EC-8 0.48 0.65
PM-2/320 0.56 0.76LREE Enrichment ESF78+0d.2(B) 0.64 0.75
UE-18t/1378 0.73 0.97
ESF28+81 0.94 1.28
ER-OV-3a 0.96 0.88
Type (2s): UE-18t/2020 0.99 1.41
U-19AR/173 1.03 1.01
Flat with a slight HREE ESF59+87 1.04 1.77
enrichment ER-30-1 1.05 0.97
ESF78+05.2(T) 1.10 1.28
U-20AS/290 1.14 1.08
ER-EC-4a 1.26 1.66
U-19AR/1560 1.35 1.35
PM-3/2860 1.92 1.88
ER-EC-4b 1.97 2.30
Type (3s): ER-18-2 1.98 2.09
PM-3/1790 2.18 2.11
Strong HREE enrichment ER-EC-6 2.35 3.14
ESF60+52.5 2.72 4.07
ECRB07+40.5 2.89 3.10
ECRB 12+90 3.14 3.39
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Pig. 4.4. Shale-normalized REE patterns o f 24 secondary mineral samples collected from the western Pahute Mesa-Oasis Valley 
(WPM-OV) (a, b, c) and the ESP and ERCB at Yucca Mt. (d), southern Nevada. REEs were analyzed using ICP-MS.
normalized Yb/Nd and Er/Nd ratios [(Yb/Nd)sN< 0 73, (Er/Nd)sN< 0.97, SN = shale- 
normalized] ; (2s) flat shale-normalized patterns w ith a slight HREE enrichment. Shale- 
normalized Yb/Nd and ER/Nd ratios are near to slightly larger than 1; (3s) strong HREE 
enrichment with larger (Yb/Nd)sN and (Er/Nd)sN ratios (between approximately 2 and 3).
4.5.2. Rare Earth Elements Analyzed by LA-ICP-MS 
Concentrations (ppm) of the REEs in 3 secondary mineral samples analyzed by 
LA-ICP-MS in this study, along with chondrite-normalized Nd/Yb ratios, shale- 
normalized Yb/Nd ratios, and Ce/Ce* and Eu/Eu* ratios, are presented in Table 4.4. The 
data include REE concentrations at a total o f 15 spots in 3 samples (ESP 78+41, ESP 
77+03, and ESP 60+52.5) (Pig. 4.5). Chondhte- and shale-normalized REE patterns from 
15 spots in 3 samples are shown in Pigure 4.6. The average REE concentrations for the 
sample ESP 60+52.5 are also calculated and presented in Table 4 based on the REE data 
at spots 10 -15. The average REE data obtained from LA-ICP-MS are compared with the 
data analyzed by ICP-MS for the same sample (ESP 6(H-52.5).
ESF 78+41 (Spots 1 -5 ): Chondrite-normalized REE patterns (Fig. 4.6a) from 
Spots 1 - 5 in sample ESP 78+41 are generally characterized by moderate to strong LREE 
enrichment, with strong negative Ce and Eu anomalies. The (Nd/Yb)cN (CN = chondrite- 
normalized) ratios for 5 spots vary from 1.57 to 10.79, the Ce/Ce* ratios from -0.63 to - 
1.68, and the Eu/Eu* ratios from -0.43 to -1.07 (Table 4.4).
Shale-normalized REE patterns (Fig. 4.6d) for the same sample show a LREE 
enrichment at Spots 1 -3  [(Yb/Nd)sN ratios varying from 0.33 to 0.93 (Table 4.4)] and a
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Table 4.4. REE concentrations (ppm) of three secondary mineral samples collected from southern Nevada for this study. 
Analytical Method: LA-ICP-MS. CN = chondrite-normalized, SN = shale-normalized.
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Sample Spot La Ce Pr Nd Sm Eu Qd Tb Dy Ho Er Tm Yb Lu (Nd/Yb)cN (YWNd)* Ce/Ce* Eu/Eu*
Spot1 21.53 0.58 1.02 520 1.73 0.08 0,90 0.11 0.44 0.08 022 0.03 0.16 0.03 10.79 0.33 -1.65 -0.67
2
SpotZ 1ZL16 0.54 0.83 3.78 1.16 0.06 1.12 0.12 0.73 0.14 0.39 0.05 028 0.05 4.47 0.81 -1.49 -0.61
N
LL
(0
spota 11.59 0.41 0.83 3L96 1.25 0.08 1.71 024 1.36 026 0.60 0.06 0.34 0.06 3.88 0.93 -1.57 -0.62
yj
Spot4 55.31 1.77 723 34.11 14.22 029 15.36 2.30 13.02 3.13 7.28 0.69 3.55 0.62 320 1.13 -1.68 -1.07
Spots 3.48 1.15 0.34 2.00 0.74 0.07 0.87 0.12 0.83 0.22 0.71 0.10 0.42 0.07 1.57 229 -0.63 -0.43
8
Spots 2.83 1.49 0.93 5.08 1.71 0.07 2.72 0.42 2.72 0.69 1.93 0.22 1.09 0.17 1.56 2.31 -0.65 -0.86
É Spot? (L15 0.01 0.00 0.03 0.03 0.00 0.03 0.01 0.01 0.00 0.01 0.00 0.02 0.01 0.45 821 -1.25 -0.20
1 Spots (X14 0.00 0.00 (LOI 0.02 0.00 0.02 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.37 9.65 -1.63 -0.38
Spots (LIS 0.01 0.00 0.03 0.04 0.01 0.03 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.82 4.39 -1.45 -0.09
SpotIO 14.10 1.74 0.34 2.03 0.67 0.11 0.72 0.20 0.44 0.11 0.24 0.03 0.27 0.04 2.48 1.45 -0.95 -0.18
Spottt 6.40 0.47 0.10 0.59 0.17 (L12 0.20 0.03 0.14 0.09 0.09 0.01 0.08 0.02 2.33 1.55 -1.16 0.43
Spot12 3.68 0.75 0.05 (L17 0.08 0.02 0.06 0.01 0.04 0.01 0.03 0.01 0.03 0.01 1.64 220 -0.72 -0.03
LL Spot13 6.92 0.65 1.66 7.59 2.63 (L17 2.65 0.41 2.80 0.55 1.79 0.23 1.51 028 1.68 2L15
-1.33 -0.57
18 Spot14 3.55 1.13 0.28 1.17 0.56 0.03 0.50 0.09 0.51 0.12 0.46 0.07 0.42 0.07 0.94 3.84 -0.63 -0.66
SpottS 7.44 0.05 0.98 5.44 1.60 0.08 2.06 0.34 2.17 0.51 1.80 021 1.47 0.25 123 2.92 2.41 2.71
AveREE 7.02 0.80 0.57 2.83 0.95 0.09 1.03 0.18 1.01 023 (L73 0.09 0.63 0.11 1.50 2.35 -1.20 2 2 9
Ce/Ce* = log {2Cesx/[LasN + PtsNl ). 
Eu/Eu* = log {2EusN/[SmsN + CdsN]}.
pot (S )
@ pdt8
Spot 7
 ̂Spot 6 /
E S F  7 7 + 031
ESF 60+52.5
Fig. 4.5. Photographs of thin sections from three samples showing the specific spots 
where REE concentrations were determined by LA-ICP-MS. (a) Spot 1 - 5 in ESF 78-t41, 
(b) Spots 6 - 9 in ESF 77+03, and (c) Spots 10 -15 in ESF 60+52.5.
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Fig. 4.6. Chondrite- and shale-normalized REE pahems for three secondary mineral 
samples from Yucca Mountain, (a) chondrite-normalized REE pattern at Spots 1 - 5 in 
ESF 78+41, (b) chondrite-normalized REE pattern at Spots 6 - 9 in ESF 77+03, (c) 
chondrite-normalized REE pattern at Spots 10 -15 in ESF 60+52.5, the thicker black line 
represents the average chondrite-normalized pattern of Spots 10 -15; (d) shale- 
normalized REE pattern at Spots 1 - 5 in ESF 78+41, (e) shale-normalized REE pattern at 
Spots 6 - 9 in ESF 77+03, (f) shale-normalized REE pattern at Spots 10 -15 in ESF 
60+52.5, the thicker black line represents the average shale-normalized pattern o f Spots 
10-15.
90
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
HREE enrichment at Spots 4 and 5 [(Yb/Nd)sN ratios varying &om 1.13 to 2.29 (Table 
4.4)], w ith strong negative Ce and En anomalies.
From bottom to top (or inner to outer) within a fracture (Fig. 4.5a), Spots 1 -5  
represent d i^ re n t stages (early to late) o f secondary mineral growth (Wilson et al.,
2003). Although their chondrite-normalized REE patterns are similar, there are s till some 
differences from spot to spot. Spot 1 shows the strongest LREE enrichment [(Nd/Yb)cN = 
10.79]. Spot 5 displays the weakest LREE enrichment [(Nd/Yb)cN = 1.57], less negative 
Ce and Eu anomalies, and an enrichment 6 om Tb to Tm. Spots 2 -4  have a similar and 
moderate LREE enrichment [(Nd/Yb)cNranging from 3.20 to 4.47]. However, Spot 4 has 
much higher REE concentrations with stronger negative Ce and Eu anomalies (Fig. 4.6a). 
These differences are also shown in shale-normalized REE patterns (Fig 4.6d). It is 
notable that all spots have a strong enrichment from Pr to Sm, and most spots have a 
depletion from Gd to Lu, except for Spot 5.
Similar to Type (Ic ) described above (Fig. 4.3), this pattern is typical o f near­
surface (pedogenic) processes and is also observed in samples from the upper saturated 
zone. The samples were precipitated from the percolating waters originating from the 
vadose zone. The strong negative Ce and Eu anomalies result from the decreased 
solubility that accompanies the oxidation of Ce and Eu in a shallow depositional 
environment (Vaniman and Chipera, 1996).
ESF 77+03 (Spots 6 - 9): Spots 6 - 9 in sample ESF 77+03 (Fig. 4.5b) show two 
different types of chondrite-normalized REE patterns (Fig. 4.6b). Spot 6 is characterized 
by a weak LREE enrichment [(Nd/Yb)cN = 1.56], with strong negative Ce and Eu
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anomalies (Ce/Ce* = -0.65, EuÆn* = -0.86). REE concentrations are a magnitude higher 
than those at other spots in the same sample. Spots 7 -9  have a similar chondrite- 
normalized pattern, which is strongly enriched in HREE [(Nd/Yb)cN varying from 0.37 to 
0.82] with a strong negative Ce anomaly (Ce/Ce* from -1.25 to -1.63) and a weak 
negative Eu anomaly (Eu/Eu* from -0.09 to -0.38). There is an elevation between Pr and 
Sm and a depletion between Sm and Dy.
Shale-normalized REE patterns (Fig. 4.6e) at Spots 6 - 9 in the same sample also 
distinguish Spot 6 from Spots 7-9,  even though they a ll show HREE enrichment and a 
strong negative Ce anomaly. Spot 6 has much higher REE concentrations and much less 
HREE enrichment [(Yb/Nd)sN = 2.31] than Spots 7 -9  [(Yb/Nd)sN ratios varying from 
4.39 to 9.65].
Spots 6 - 9 in sample ESF 77-1-03 are located in different mineral growth zones 
(Fig. 4.5b) and represent different stages (early to late) o f mineral growth (Wilson et al., 
2003). The differences in their REE patterns suggest that they were precipitated from 
groundwaters originated from different sources at different times. Obviously, Spots 7-9,  
with similar REE patterns and REE concentrations, were formed by groundwaters from 
geochemicaUy similar sources during the later stage. Spot 6, with a REE pattern similar 
to Type (Ic), represents a near-surface (pedogenic) calcite precipitation during the earlier 
stage.
ESF 60+52.5 tSpots 10 -15): Chondrite-normalized REE patterns (Fig. 4.6c) 
from Spots 10 -15 in sample ESF 60+52.5 can be grouped into two different types. Spots 
10 -12 are generally characterized by strong LREE enrichment with a strong negative Ce
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anomaly and a weak negative or positive Eu anomaly. The (Nd/Yb)cN ratios for the three 
spots vary from 1.64 to 2.48, the Ce/Ce* ratios from -0.72 to -1.16, and the Eu/Eu* ratios 
from -0.03 to 0.43. The La concentrations at Spots 10 -12 are much higher than are other 
REEs. Spot 11 shows positive anomalies for both Eu and Ho. Spots 13 -14 display a 
sim ilar chondrite-normalized REE pattern, which is generally enriched in LREE 
[(Nd/Yb)cN ratios from 0.94 to 1.68] with strong negative Ce and Eu anomalies (Ce/Ce* 
from -0.63 to -2.41, Eu/Eu* from -0.57 to -0.71).
Shale-normalized REE patterns (Fig. 4.6f) for the same sample show a moderate 
HREE enrichment [(Yb/N d)sN  from 1.45 to 2.20] with negative Ce and negative or 
positive Eu anomalies at Spots 10 -12 and a strong HREE enrichment [(Yb/N d)sN  from 
2.15 to 3.84] with strong negative Ce and Eu anomalies at Spots 13 -15.
The normalized REE patterns at Spots 10-12 are overall sim ilar although they 
have some differences, such as a positive Eu anomaly at Spot 11. Located at the bottom 
o f the secondary calcite crust (Rg. 4.5c) w ith a similar REE pattern, the three spots 
represent the earlier stage of calcite precipitation, which may represent precipitation from 
sim ilar groundwaters. The positive Eu anomaly at Spot 11 may record the influence of 
thermal fluids during calcite precipitation. The normalized REE patterns for Spots 13 -14 
are almost identical, suggesting that they were precipitated from groundwaters with 
similar geochemical signatures. Again, the strong negative Ce and Eu anomalies are due 
to the oxidation o f Ce and Eu in a shallow depositional environment (Vaniman and 
Chipera, 1996). Thus, this REE pattern indicates that this late stage calcite (Spots 13 -15) 
was precipitated from percolating waters originating in the vadose zone.
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4.6. Discussion
Secondary minerals (mainly calcite) from fractures and cavities in unsaturated and 
saturated zone rocks around the NTS and Yucca Mountain exhibit distinct chemical and 
isotopic signatures that correlate to different zones in the hydrostratigraphic column 
(Peterman et al., 1992; Whelan and Stuckless, 1992; Vaniman, 1993,1994; Vaniman and 
Chipera, 1996; Paces et al., 1996; Denniston et al., 1997; Rose et al., 1998; Zhou et al., 
1999b; Benedict et al., 2000; Whelan et al., 2002; Wüson et al., 2003). These previous 
studies showed that the stable isotope values o f calcite generally reflect the origin of the 
groundwater from which the mineral forms, as well as its depositional temperature. 
However, later diagenetic processes can alter the isotopic signatures in the minerals. 
Therefore, it may not always be possible to use stable isotope data to delineate the 
groundwater sources from which secondary minerals were precipitated. As a unique 
group of trace elements, rare earth elements (REE) in secondary calcite can provide 
additional insight into the origin of the flu id  from which calcite forms. In addition, the 
data may potentially be used in conjunction with groundwater REE data to evaluate 
water-rock interaction processes and paleohydrologic history.
4.6.1. REE Concentrations and Patterns 
The secondary mineral samples from the WPM-OV wells and the underground 
tunnels at Yucca Mountain aU exhibit some degree of REE fractionation. In general, there 
are remarkable distinctions in REE fractionation between upper unsaturated zone 
minerals and deep saturated zone minerals. This suggests that solution characteristics at
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the time o f deposition played an important role in the REE composition of the mineral 
being deposited in fractures. In general, the calcite is strongly enriched in REE relative to 
chondrite (Sample/Chondrite »  1) (Figs. 4.3a - d) and exhibits REE concentrations 
comparable to average shale (Figs. 4.4a - d). LREE enrichments are generally observed 
for a ll samples on the chondrite-normalized plot (Fig. 4.3). However, samples exhibiting 
modest LREE emichments on the chondrite-normalized plot show weak to moderate 
HREE enrichments on the shale-normalized plot (Fig. 4.4). This is due to differences in 
the relative abundances of LREE vs. HREE for the average chondrite and shale 
compositions.
There are at least four different chondrite-normalized REE patterns from the 
secondary mineral samples analyzed by ICP-MS: Type (Ic ) moderate to strong LREE 
enrichment with strong negative Ce and Eu anomalies; Type (2c) moderate to strong 
LREE enrichment accompanied by very weak Ce and moderate negative Eu anomalies; 
Type (3c) moderate LREE enrichment with a weak negative Ce anomaly and a strong 
positive Eu anomaly; and Type (4c) moderate to strong LREE enrichment with no or 
weak Ce and Eu anomalies. Type (Ic ) represents a REE pattern that results from typical 
near-surface (pedogenic) processes. Most unsaturated zone samples [except for sample 
UE-18t(1378)] from the WPM-OV and all samples from the ESF and ECRB at Yucca 
Mountain show Type (Ic ) REE pattern. Type (2c), occurring in both unsaturated and 
saturated zone samples, is very similar to the REE patterns in the felsic volcanic rocks 
and in the perched volcanic groundwater from the Nevada Test Site (Johannesson et al., 
1997). Type (3c) and Type (4c) patterns are mostly from the deep saturated zone samples,
95
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
with the exception of ER-0V-3& (20 ft). They do not show strong negative anomalies for 
either Ce or Eu. Instead, positive Eu anomalies (Type 3c) are observed in several samples 
[PM-2 (5893 ft), PM-3 (2860 ft), UE-18t (2020 ft), and ER-18-2 (2050-2080 ft)] from the 
upper saturated zone. The hydrothermal origin for these secondary minerals indicates that 
fluids w ith elevated temperatures intruded the open fractures in the study area at one time 
in the geologic past. It is not impossible that this geological process can be repeated in 
the future, which would pose a potential risk for the radioactive waste repository at 
Yucca Mountain. Type (4c), from a deep saturated zone mineral [PM-2(8050) and ER- 
EC-4b (2210-2220 ft)], is similar to the REE patterns in the Lower Paleozoic carbonate 
rocks and in  the carbonate groundwater in southern Nevada (Zhou et al., 1999; 
Johannesson et al., 1997,1999; this study). The sample ER-EC-4b (2210-2220 ft) has 
values that indicate precipitation at a temperature below the regional geothermal 
gradient, also suggesting locally deep circulation o f cooler groundwater (Benedict et al., 
2000). Although the calcite sample from ER-OV-3a (20 ft) is from the shallow 
unsaturated zone, it also shows Type (4c) REE pattern. W ell ER-OV-3a is located at the 
lower portion of Oasis Valley (Fig. 4.2), with a surface elevation 3844 ft and a shallow 
groundwater table (57 ft) (Benedict et al., 2000). Therefore, it is possible for groundwater 
to upweU to this level (20 ft from the surface and 37 ft from the groundwater table) and to 
precipitate calcite. A radiocarbon analysis on the sample ER-OV-3a (20 ft) yielded a C 
age o f 26,650 years (Benedict et al., 2000). The results of stable isotope and REE 
analyses for this sample suggest that the calcite precipitated from evaporating regional 
groundwater at a time when the water table was elevated relative to its current position.
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W ith two exceptions, the REEs always occur in the 3  ̂valence state in nature. 
Since their outer electron structures are so similar, the REEs show very similar chemical 
properties, and they generally occur as a group in nature (Krauskopf, 1979). However, 
the effective ionic radius for the 3^oxidation state progressively decreases from 1.03À in 
L a ^ to  0.86Â in Lu ^  (for sixfold coordination; data from Shannon, 1976). As a result, 
there is a tendency for the light REE (LREE; La through Nd) to be partitioned from the 
heavy REE (HREE; Er through Lu) during mineral growth from a liquid. In the case o f 
calcite (CaCOs), the Ca ions are in sixfold coordination with oxygens of the (COg)̂  
groups, with an effective ionic radius o f 1.00Â. This is similar to the ionic radius of the 
LREE, implying the LREE may be preferentially incorporated into the calcite crystal 
structure relative to the HREE, in the absence o f other competing effects. In addition, 
anomalous variations in the distribution o f Ce and Eu reflect changes in the oxidation 
state o f these elements (Ce ^  to Ce ̂  and Eu ^  to Eu Hence, these elements provide 
useful indicators o f redox conditions at the time o f mineral deposition.
It is notable, however, that mineral/solution partitioning of REE may also 
influence the LREE to HREE distribution. Preferential ion substitution of LREE for Ca 
in the calcite structure was previously noted. In addition. Wood (1990) showed that 
HREE solubility is enhanced relative to LREE in the presence of carbonate species at 
elevated pH values. As noted above, moderate to weak LREE enrichments in the 
chondrite-normalized plots (Fig. 4.3) correlate with HREE enrichments in the shale- 
normalized plots (Fig. 4.4). This pattern is observed in several samples, including PM-3 
(1790), ER-EC-4a, ER-EC^b, ER-EC-6, ER-18-2, ESF 60+52.5, ECRB 07+40.5, and
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ECRB 12+90. Wood (1990) noted that the solnbihty of LREE is enhanced relative to 
HREE in  the presence of elevated dissolved sulfate concentrations. Sulfate has been 
identiGed as one of the dominant anions in groundwater from the volcanic aquifers in 
southern Nevada (e.g. Thomas et al., 1999; Chapman and Lyles, 1993; Zhou et al., 2000). 
However, bicarbonate ion concentrations always exceed those o f sulfate, and the extent to 
which these competing ion effects inGuence REE solubilities remains an open question.
4.6.2. Ce and Eu Anomalies and Other Geochemical Evidence 
Anomalous variations in the distribution o f Ce and Eu are observed for many of 
the samples, and are related to redox conditions at the time of calcite deposition. In 
general, the most pronounced Ce and Eu depletions are observed in samples from shallow 
saturated zone fractures [such as samples with Type (Ic ) REE pattern]. This is consistent 
with oxidation being a more influential process in the near-surface environment.
However, some "near-surface" samples show relatively weak redox anomalies [e.g., ER- 
0V-3a (20 ft) and ER-30-1 (750-760 ft], indicating that proxim ity to the weathering zone 
is not the sole factor influencing redox conditions. Calcite deposition temperatures 
obtained from results do not correlate w ith LREE/HREE enrichments, nor do they 
correlate with the presence of Ce and Eu anomalies (Benedict et al., 2000). However, the 
higher temperature sample [such as ER-EC-6 (3420-3440 ft)] does show a higher REE 
concentrations (Fig. 4.3c and Fig. 4.4c), implying enhanced solubility at elevated 
temperatures. As previously noted, the positive Eu anomaly in several samples may be
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indicative o f hydrothermal condidons. However, correlations between calcite results 
and REE patterns were not observed.
In general, it is not yet possible to clearly link speciGc REE patterns and 
concentrations to speciGc processes or environments. A combination of factors influence 
the observed patterns, including groundwater chemistry, host rock REE abundances, 
redox conditions, temperature, and stratigraphie position. The lim ited data obtained 
during this study do not permit the relative importance of each factor to be evaluated. 
However, the fact that signiGcant variaGons in REE fracdonaGon and total REE 
concentradons exist suggests that addidonal analydcal work may help link certain REE 
patterns to speciGc processes.
4.6.3. Comparison of REE Results from ICP-MS and LA-ICP-MS
ICP-MS has been widely used for trace element analysis in geologic materials, 
such as rocks and minerals. W ith a high resoludon and low detecdon lim its, it  has been 
used to quantify trace element (including REEs) concentradons in groundwater at the 
parts-per-trillion level sincel990's (i.e., Stetzenbach et al., 1994). However, using ICP- 
MS for soGd material analysis requires completely digesdng samples into soludons with 
acids. It needs a certain amount (i.e., 0.25 grams) of sample for digesdon, which is not 
available occasionally. In addidon, this method only analyzes trace element 
concentradons of a whole rock or mineral sample. It can't provide trace element 
concentradons at a speciGc pordon o f the sample (such as different mineral growth
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zones), which is crucial to address some hmdamental questions such as rock and mineral 
sources, geological processes, diagenetic alterations, and paleohydrologic history.
LA-ICP-MS has been developed to meet these requirements since the early of 
1990's (Chenery and Cook, 1993; Poitrassion et al., 2000). W ith unique operating 
conditions and a laser beam with small diameter (-  100 pim), LA-ICP-MS can determine 
trace elements in single mineral grains in a speciGc mineral (i.e., calcite) growth zone. 
The analysis can be performed directly on a thin secGon or hand specimens. The method 
allows us to study geochemical variaGons o f Gace elements in different mineral growth 
zones. The variaGons of trace element chemistry of these minerals, which were 
precipitated from groundwater Gowing through the preexisting fractures, w ill help us 
understand the geochemical history of groundwater Gows during a speciGc geologic 
interval.
Three secondary mineral samples from ESF and ERCB at Yucca Mountain were 
analyzed for their REE concentradons using LA-ICP-MS in this study. One sample (ESF 
60+52.5) was analyzed for its REE concentradons using both ICP-MS and LA-ICP-MS. 
As discussed above, REE concentradons and padems determined by LA-ICP-MS vary 
from Spot 10 to Spot 15 that represents diKerent mineral growth zones (Figs. 4.6c, f). 
However, although REE concendaGons Gom ICP-MS are generally higher than those 
Gom LA-ICP-MS, chondnte- and shale-normalized REE patterns obtained by averaging 
REE concentradons at Spots 10 -15 in ESF 60+52.5 are very sim ilar to those that are 
plotted using the REE data Gom ICP-MS for the same sample (Figs. 4.7a, b). Higher 
REE concentradons Gom ICP-MS analysis may be due to the impurity o f the bulk
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Fig. 4.7. Chondnte- and shale-nonnalized REE patterns obtained from both ICP-MS and 
LA-ICP-MS in the sample ESF 60+52.5. The average REE concentrations from Spots 10 
-15 in ESF 60+52.5 were used for the plots [LA-ICP-MS (Average)], (a) chondrite- 
normalized REE plot, (b) shale-normalized REE plot.
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mineral sample. For example, Fe and Mn oxides and clays coated on the mineral samples, 
with intergrown trace minerals (particularly apatite and crandallite), can greatly elevate 
REE concentrations of the samples. This comparison study shows LA-ICP-MS can be a 
useful alternative to ICP-MS for analyzing the samples for their trace elements on a 
microscopic scale. Future research w ill beneEt tremendously from advances in high- 
resolution spot analysis by LA-ICP-MS.
4.7. Conclusions
REE signatures in secondary minerals can be used to determine alteration 
processes and groundwater sources from which the minerals were precipitated. 
Anomalous variations in Ce and Eu concentrations, related to changes in oxidation state 
(Ce ^  to Ce ̂  and Eu ^  to Eu are useful indicators of redox conditions at the time of
mineral deposition. Different REE patterns in secondary minerals, along with other 
geological and geochemical data (such as from pétrographie, mineralogical, stable 
isotope, and Euid inclusion analyses), suggest that the fracture-coating minerals in 
southern Nevada may have precipitated from groundwaters that originated from different 
sources during geologic history. These secondary minerals in fractures can be formed 
either by groundwaters percolating through unsaturated zones, or fom  upwelling 
groundwaters (both shallow perched and deep aquifer groundwaters) with hydrothermal 
flu id influences, or a combination of these two origins. The mineral samples fom  
different depths in the same borehole may have different origins.
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However, it is not yet possible to unequivocally link speciEc patterns to specific 
processes due to the relatively small REE data set. Future investigations of REE patterns 
in calcite samples should continue to focus on linking the observed patterns to other 
physicochemical parameters (e.g. depositional temperature, host rock REE 
concentrations, and water chemistry). In addition, comparative studies with groundwater 
REE data are needed to determine the applicability of these data for constraining reactive 
Row and transport geochemical models.
The correlation o f the REE results of the same sample using both ICP-MS and 
LA-ICP-MS shows a great promise for LA-ICP-MS in high-precision spot analysis for 
rocks and minerals. In addition, LA-ICP-MS requires much less sample preparations and 
less analytical time. One of the challenges in LA-ICP-MS analysis is the selection of 
high-quality standards that directly affect the accuracy of the analytical data. However, it 
can be improved with more sangle and standard analyses using this method.
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CHAPTERS
RARE EARTH ELEMENT SIGNATURES FROM BATCH LEACH TESTS
5.1. Introduction
Rare earth elements (REE) have been used extensively to study petrological and 
mineralogical processes, as well as trace element cycling in  the oceans since the late 
1970's and early 1980's (e.g., Hanson, 1980; ElderGeld and Greaves, 1982; DeBaar et al., 
1983; Cullers and Graf, 1984). More recently, with the improvement o f analytical 
instrumentation, REEs can be readily measured at the low parts-per-tnllion level, in 
natural waters using, for example, inductively coupled plasma mass spectrometry (ICP- 
MS; Stetzenbach et al., 1994; Graham et al., 1996; Haücz et al., 1999). One consequence 
of the improvements in analytical instrumentation is the increase in the numbers of 
investigations o f the REEs in groundwaters (Smedley, 1991; Fee et al., 1992; Gosselin et 
al., 1992; Halicz et al., 1999). Many o f these studies indicate that groundwaters 
commonly have REE patterns that closely mimic the REE patterns o f the rocks through 
which they flow. The similarities between groundwater and aquifer rock REE patterns 
suggest that the REEs may be useful tracers of groundwater-aquifer rock interactions. 
Many investigations have already demonstrated the u tility  o f the REEs as chemical 
tracers of numerous geochemical weathering processes and possibly biogeochemical
115
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
redox processes (Hanson, 1980; M offett, 1990,1994). Although previous studies have 
demonstrated that in many cases the REE concentrations observed in groundwaters 
mimic those o f rocks through which they flowed, quantitative, controlled investigations 
of the REE signatures aqueous solutions acquire by reacting with different types of rocks 
at low temperatures have not been completed. In order to gain a better understanding of 
how different rock types can affect the concentrations o f REEs in aqueous solutions that 
react with the rocks and to obtain the baseline information concerning REE behavior 
during rock-water reactions, we conducted a series of batch reactor experiments 
involving compositionally different rock types, and two aqueous solutions, distilled 
deionized water and an acidic solution.
5.2. Analytical Methods
5.2.1. Rock Sample Collection 
We chose the Paleozoic stratigraphie section at Frenchman Motmtain near Las 
Vegas, Nevada (Rg. 3.1) as our m ^or sampling location because: 1) the stratigraphie 
sequence in this section is very sim ilar to the lower part o f the regional carbonate aquifer 
o f southem Nevada (e.g., Winograd and Thordarson, 1975); and 2) information gained by 
studying the REE signatures of these rocks and their resulting leachate solutions can be 
applied to our studies of REEs in groundwaters from this aquifer (e.g., Stetzenbach et al., 
1994; Johannesson et al., 1997). In addition, the stratigraphie section is exposed on the 
eastem edge o f the city o f Las Vegas, which allows for easy access and detailed 
sampling. The Paleozoic strata exposed at the site consist o f shales, sandstones, and
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especially abundant carbonate rocks (e.g., dolomite, dolomitic limestone, and limestone) 
that range in age from Cambrian up to Permian (Rowland, 1987; Rowland et al., 1990). 
Ordovician and Silurian rocks are, however, missing from this section. Sixteen out o f 19 
rock samples used for the batch tests in this study were collected f"om the lower portion 
o f the Frenchman Mountain section, including samples from the Tapeats Sandstone 
(Tapeatsl), Bright Angel Formation (shale or sandstone) [BAS(SS)1, BAS(SL)2, BAS3, 
and BAS6], and Bonanza King Formation (dolomite) (BKD l, BKD2, BKD3, BKD4, 
BKD5, BKD6, BKD7, BKD8, BKD9, BKDIO, and BKD l 1). On the other hand, one 
sample (FR80aal) was collected from the Aysees Member of the Lower Ordovician 
Antelope Valley Limestone at Fossil Ridge  ̂20 miles northwest o f Las Vegas, Nevada 
(see Johannesson et al., 2000a). One rhyolitic rock sample (Surprise 1) was also examined 
in the batch tests. Therefore, the samples used in the batch tests represent ûve different 
rock types, includmg shale [BAS(SL)2, BAS(SL)3, BAS6), fine- and medium-grained 
sandstone (BAS(SS)l, Tapeatsl], limestone (FR80aal), dolomite (BKD l through 
BKD l 1), and felsic volcanic rock (Surprise 1).
5.2.2. Batch Tests 
J.2.2.7. PrgparaAon wkf 
Approximately 5 -10 kg of rock was collected from each sample location. Rock 
samples were subsequently broken into 0.5-1.0 cm size fngments using a sledge 
hammer. Fragments without weathering rinds, calcite veins, and obvious signs of possible 
alteration were carefully selected, until approximately 500 tolOOO grams of fragmental
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material were obtained for each rock sample. The fagmental rock samples were further 
crushed to -  70-mesh in size, which were subsequently used in three batch tests 
employing different solutions and variable reaction times (Table 5.1). In addition, an
Table 5.1. Parameters used for three batch tests.
Parameters Batch Test 1 Batch Test 2 Batch Test 3
Rock Types shale, sandstone, 
limestone, 
dolomite, rhyolite
shale, sandstone, 
dolomite
shale, sandstone, 
limestone, 
dolomite, rhyolite
Solutions distiHed- 
deionized water
distUled-deionized
water
acidic water 
solution
Sample Weight (g) 30 75-82 50
Solution Weight (g) 60 200 - 220 100
Solution/Sample 
Weight Ratio
2:1 3 : 1 2:1
pH (starting) 7 7 4
Temperature ("C) -2 5 -2 5 -2 5
Reaction Time 
(days)
40 67 42
aliquot of each crushed rock sample was preserved for REE analysis o f the bulk rock (see 
below). For Batch Tests 1 and 2, 60 to 220 g o f distUled-deionized water (pH=7; 18 mO) 
was added to between 30 g to 80 g of each of the crushed rock samples w ithin acid- 
washed, high-density linear polyethylene bottles (mass ratio o f solution to rock sample 
ranged from 2:1 to 3:1; Table 5.1). The crushed rock samples and distUled-deionized
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water was allowed to react at room temperature ( -  25°C) for 40 days (Batch Test 1) and 
67 days (Batch Test 2), respectively. In Batch Test 3, a dilute nitric acid solution (pH=4) 
was prepared from ultrapure HNO; (Seastar, Inc. double sub-boiling, distilled in quartz) 
and distiUed-deionized water, and subsequently reacted w ith the crushed rock samples for 
42 days at room temperature ( -  25'̂ C; Table 5.1). During each batch test period, all 
sample bottles containing the crushed rock - leaching solution mixtures were agitated for 
5 minutes each day to allow a complete reaction between rock sample and leaching 
solution. Following completion o f the reaction period, the leachate solutions were 
separated from the crushed rock using a centrifuge, and then filtered through 0.45 pm 
Nuclepore® Glters (Johannesson and Zhou, 1999).
5.2.2.2. REE
A ll leachate samples were acidified using ultra-pure nitric acid (Seastar, Inc. 
double sub-boiling, distilled in Teflon®), and analyzed by inductively coupled plasma 
mass spectrometry (ICP-MS) (Perkin-Elmer® Elan 5000) with ultrasonic nebulization. 
The ultrasonic nebulization increased the analytical sensitivity and decreased the 
potential interferences from oxide formation in the plasma stream. Due to the small 
amount of leachate from each batch test, no pre-concentration by cation-exchange has 
been done. The following REE isotopes were selected for analysis since they have no or 
less elemental isobaric interferences: ^̂ ^La, '̂̂ P̂r, '* ^ d , ^̂ ^Eu and ^̂ ^Eu
(mean value), ^̂ ^Gd, ^^^y, ^ ^ r , ^ ^m , ^^^Yb, and During ICP-MS
analysis, a series of 5 standards of known concentrations (i.e., 0.1 pg/kg, 0.5 pg/kg, 1.0 
pg/kg, 5.0 pg/kg, and 10.0 pg/kg) were prepared and routinely monitored in order to
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calibrate the instrument, check the calibration, and calculate the sample REE 
concentrations. The REE values determined in the Method Blanks were subtracted fmm 
the leachate solutions to obtam the leachate concentrations.
5.2.3. Analysis o f REE in Rock Samples 
The REEs were measured in 17 rock samples using ICP-MS (Perkin-Ehner® Elan 
5000) as discussed in Johannesson and Zhou (1999). Briefly, approximately 0.25 grams 
of each rock (i.e., powder) sample were placed in precleaned Teflon®-lined microwave 
digestion bombs, followed by 5 mL of ultrapure HE (Seastar, Inc. double sub-boding, 
distilled in Teflon®) and 5 mL o f ultrapure HNO3 (Seastar, Inc. double sub-boiling, 
distilled in quartz). The Teflon®-lmed microwave digestion bombs were then sealed and 
placed in a microwave oven (CEM Corporation MDS-2100) and heated to 189°C and 
pressurized to 8.62 x 10̂  Pa (125 p.s.i.) for 25 minutes. After 25 minutes, the samples 
were allowed to cool before 30 mL of a saturated boric acid solution was added to each 
sample. The samples were subsequently heated again in the microwave for 5 minutes at 
100°C and 6.9 x lO'* Pa -1.38 x 1(P Pa (10 - 20 p.s.i.). The dissolved rock samples were 
then decanted into clean polyethylene bottles and diluted by a factor o f 180 before 
analysis by ICP-MS. The U.S. Geological Survey rock standard W-2 (diabase) was 
included as a check standard during the analysis &om which our measurements never 
deviated by more than 10% (Guo, 1996).
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5.3. Analytical Result
5.3.1. REE Concentrations o f Southern Nevada Rocks 
The REE concentrations (in ppm) for 16 different sedimentary rock samples and 
one rhyolite (Surprise 1) examined in this study are presented in Table 5.2. Again, these 
same rock samples were used in the different batch leach tests o f this study. The 
chondrite-normalized REE patterns for these rock (both silicate and carbonate rocks) 
samples are plotted in Fig. 5.1. The chondrite-normalizing factor that was employed for 
the normalization calculations is that tabulated by Hanson (1980).
The silicate rocks (Fig. 5.1a) have REE concentrations that are on average about a 
factor o f 10 greater than the carbonate rocks examined in the study (Fig. 5.1b; Table 5.2). 
Moreover, every rock analyzed exhibits an enrichment in the light REEs (LREE) over the 
heavy REEs (HREE) compared to chondrite (Fig. 5.1). The chondrite-normalized Nd/Yb 
ratios [(Nd/Yb)cN, where CN = chondrite-normalized) range from 1.7 for one o f the 
Bonanza King dolostone samples, up to 5.6 for sample BAS6 from the Bright Angel 
Formation (Table 5.2). AH of the carbonate rocks have chondrite-normalized negative Ce 
anomalies, whereas the silicate rocks exhibit both negative and positive Ce anomalies 
(Fig. 5.1). When the rock samples are normalized to Average Shale, they exhibit 
relatively fla t patterns (not shown) as demonstrated by their (Yb/Nd)s\ ratios (where SN 
= shale-normalized), which are generally close to 1 (Table 5.2). The Average Shale 
values used to calculate these shale-normalized ratios is the composite "Average Shale" 
previously used by oceanographic researchers (e.g., E lderf eld and Greaves, 1982; 
DeBaar et al., 1983; Sholkovitz, 1988), and in our previous investigations (Johannesson
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6 Table 5.2. Concentrations of rare earth elements (ppm) in aquifer materials (rocks) used for batch tests.
S, CN = chondrite-normalized, SN = shale-normahzed.
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La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu (Ndm>)cN (Yb/Nd)sN Ce/Ce* Eu/Eu*
BAS(SS)1 13.15 47.62 4.22 18.74 5.49 1.31 6.79 1.12 6.22 1.29 3.52 0.48 2.97 0.46 2.10 1.72 0.19 -0.04
BAS(SL)2 37.84 79.41 10.85 41.63 7.95 1.52 6.80 1.08 5.93 1.29 3.84 0.58 3.99 0.62 3.48 1.04 -0.02 -0.05
BAS6 57.72 97.01 13.70 48.50 8.15 1.50 6.76 1.01 5.35 1.07 3.11 0.45 2.86 0.43 5.65 0.64 -0.07 -0.06
Tapeats 1 11.02 31.26 2.80 10.41 1.96 0.39 1.74 0.24 1.19 0.23 0.69 0.11 0.70 0.11 4.97 0.73 0.14 -0.05
Surprise 1 18.74 39.84 4.89 17.66 3.82 0.61 3.50 0.57 3.22 0.66 1.84 0.28 1.81 0.27 3.25 1.11 0.01 -0.15
FRSOaal 2.32 5.05 0.54 2.11 0.40 0.10 0.41 0.07 0.34 0.08 0.22 0.03 0.18 0.03 3.85 0.94 0.04 0.01
BKD1 1.09 1.50 0.14 0.53 0.09 0.02 0.09 0.01 0.08 0.01 0.05 0.00 0.04 0.00 4.96 0.73 -0.05 -0.11
BKD2 0.61 1.23 0.14 0.52 0.09 0.02 0.11 0.01 0.10 0.02 0.06 0.01 0.05 0.00 3.69 0.98 0.02 -0.13
BKD3 3.22 7.00 0.81 3.07 0.62 0.15 0.60 0.11 0.66 0.15 0.47 0.07 0.47 0.07 2.18 1.66 0.03 0.01
BKD4 3.42 7.51 0.94 3.60 0.72 0.15 0.69 0.11 0.66 0.13 0.39 0.06 0.37 0.06 3.26 1.11 0.01 -0.04
BKD5 6.93 14.73 1.77 6.65 1.36 0.25 1.28 0.21 1.24 0.26 0.78 0.11 0.72 0.11 3.07 1.18 0.01 -0.10
BKD6 2.48 4.46 0.47 1.83 0.35 0.06 0.34 0.05 0.35 0.07 0.23 0.03 0.21 0.03 2.88 1.25 0.00 -0.10
BKD7 1.09 2.01 0.25 0.92 0.16 0.04 0.16 0.03 0.14 0.03 0.08 0.01 0.08 0.01 4.04 0.89 -0.02 0.07
BKD8 3.90 8.18 1.02 3.79 0.71 0.15 0.68 0.11 0.62 0.13 0.41 0.05 0.37 0.05 3.40 1.06 0.00 -0.03
BKD9 5.93 12.80 1.57 6.13 1.36 0.30 1.36 0.24 1.57 0.35 1.12 0.18 1.19 0.19 1.71 2.11 0.01 -0.02
BKD10 2.98 5.35 0.62 2.28 0.38 0.08 0.38 0.05 0.32 0.07 0.19 0.02 0.17 0.02 4.53 0.80 -0.02 -0.04
BKD11 4.86 9.92 1.19 4.49 0.98 0.19 0.86 0.15 0.88 0.19 0.55 0.09 0.56 0.09 2.87 1.26 0.01 -0.30
Ce/Ce* = log {2CesN/[LasN + Prsx]} - 
Eu/Eu* = log {2EusN/[SmsN + Gdsx]}.
1000 :
g
(a) Silicate Rock
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
a*s(W)i
Tapeats 1
Surprise 1
100
■D
ÛC
(b) Carbonate Rocks
Fig. 5.1. Chondrite-normaUzed REE patterns for (a) silicate rocks, and (b) carbonate 
rocks from Frenchman Mountain near Las Vegas and Fossil Ridge in southem Nevada. 
These rock samples were prepared and used for our batch leach tests.
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et al., 1997,2000).
The chondrite-normalized REE patterns for the silicate and carbonate rocks of 
southern Nevada demonstrate that the carbonate rocks contain lower abundances of all of 
the REEs than the silicate rocks (Fig. 5.1). The spiky HREE patterns exhibited by some 
o f the carbonate rocks (i.e., BKD l and BKD2) reflect the d ifficulty encountered in 
quantifying the HREEs in these two rock samples using the digestion and analytical 
methods employed in this study. Many o f the HREE for BKDl and BKD2 approach or 
are below the method detection lim its for our ICP-MS using the above described 
digestion techniques (e.g., Guo, 1996).
5.3.2. REEs of the Leach Solutions
5.3.2.7. urmg watgr
The REE data for each batch test are presented in Table 5.3. The data shows that 
individual REE concentrations in the leachate solutions from Batch Test 1 are very low, 
ranging from 1.4 pmol/kg to 2,570 pmol/kg (Table 5.3). In Batch Test 1, the solution that 
reacted with rhyolitic pumice (Surprise)) had the highest REE concentrations, whereas 
the solutions that reacted with Ordovician limestone (FRSOaal), and with Cambrian 
dolomite (BKD3) exhibit the lowest REE concentrations (Table 5.3).
Rare earth element concentrations for each o f the leachate solutions from Batch 
Test 1 are plotted in Fig. 5.2, where each leachate has been normalized to the REE 
concentrations determined in the respective rock with which each reacted. AH o f the 
leach solutions 6om Batch Test 1 have substantially lower REE concentrations than the
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La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu (Yb/Ndhm Ce/Ce* Eu/Eu*
Batch Test 1
BKD3 179.3 135.6 18.1 78.7 19.9 43.9 19.0 1.4 11.5 1.5 4.5 0.0 5.3 0.0 0.52 -0.30 0.97
Surprise 1 1594.6 2574.2 320.8 1201.8 216.1 95.1 232.1 30.0 174.2 37.7 117.5 18.7 124.1 19.8 1.21 -0.07 0.40
BAS(SL)2 185.0 464.6 59.7 226.4 47.1 26.5 50.3 7.2 38.0 6.3 20.1 3.5 18.7 3.4 1.04 0.05 0.41
BAS(SS)1 199.4 498.1 56.3 270.0 98.7 50.0 145.3 21.1 116.9 21.0 50.9 7.3 39.5 5.0 1.10 -0.13 0.28
FRSOaal 194.4 28.0 6.6 17.6 1.5 4.3 3.2 0.0 1.7 0.0 0.0 0.0 1.8 0.0 1.44 -0.93 0.87
Batch Test 2
Tapeats 1 122.5 213.7 22.1 79.6 21.9 146.3 15.4 2.0 8.8 2.1 6.9 1.4 2.1 0.7 0.48 -0.14 1.57
BAS6 506.5 475.8 77.2 341.7 72.5 27.6 91.2 12.3 58.3 9.9 33.6 3.0 36.7 5.3 2.18 -0.17 021
BKD1 43.9 120.4 11.2 54.9 22.1 22.1 24.5 4.2 22.9 2.8 9.6 1.8 7.1 0.9 2.31 0.13 0.71
BKD2 41.4 51.1 5.2 21.8 7.4 56.0 8.0 0.6 2.4 0.5 2.4 0.4 1.5 0.2 0.91 -0.10 1.61
BKD4 15.5 19.7 3.1 12.6 3.3 7.9 4.8 0.4 4.2 0.6 1.7 0.5 1.0 0.2 0.95 -0.17 0.96
BKD5 22.3 34.0 5.3 15.1 3.9 23.7 4.9 0.5 2.1 0.9 2.3 0.8 3.7 0.4 2.74 -0.13 1.45
BKD6 28.0 20.7 3.2 8.9 2.8 15.3 1.7 0.0 2.7 0.6 0.7 0.5 0.5 0.1 0.58 -0.29 1.56
BKD7 17.4 26.1 4.1 12.5 6.2 8.5 2.4 0.2 3.3 0.2 1.6 0.5 1.3 0.3 1.54 -0.10 0.85
BKD8 20.0 16.1 1.6 7.0 2.8 18.2 2.7 1.0 0.9 0.5 1.1 0.5 0.9 0.4 1.53 -0.23 1.48
BKD9 28.5 39.2 4.9 15.7 6.2 19.5 4.4 0.3 5.7 0.2 1.7 0.3 1.6 0.2 0.62 -0.11 1.22
BKD10 20.4 29.7 3.6 12.1 4.3 12.7 2.8 1.3 2.9 0.7 0.9 1.3 3.1 0.9 4.18 -0.06 122
BKD11 399.2 821.6 104.3 392.0 77.2 27.4 67.9 10.5 60.1 12.2 29.8 4.3 29.3 4.4 0.72 -0.01 0.27
Batch Test 3
FRBOaal 221.7 245.5 43.5 183.7 37.2 15.0 37.5 6.6 24.7 5.8 22.3 1.4 11.4 1.4 0.86 -0.26 0.22
BAS6 334.0 1829.1 67.1 242.0 80.5 60.6 76.9 10.3 42.4 14.5 20.7 4.7 29.9 5.7 2.51 0.55 0.57
BKDl 138.9 2635.6 56.8 153.2 13.9 27.8 36.2 3.8 16.8 1.8 16.2 0.0 12.8 1.4 1.49 0.83 0.77
Tapeats 1 63.7 1513.0 16.1 88.7 11.0 223.1 19.7 0.0 4.8 0.0 2.1 0.0 3.0 0.0 0.61 0.92 1.82
Ce/Ce* = log {2CcRN/[L%N + PrRN]}. 
Eu/Eu* = log {2EuRN/[SmRN + GdRN]}.
0.0001
Batch Test 1
O IE-05
- - E j
0) IE-06
IE-07
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
BKD3 S urprise l —V  -  BAS(SL}2 V — BAS(SS)1 - A  FRBOaal
Fig. 5.2. Rock-normalized REE patterns of the leachate solutions from Batch Test 1.
respective rocks (e.g., between a factor of 10̂  to 10̂  lower). Interestingly, except for Eu 
in each case, and La for the leachates that reacted with BKD3 and FRSOaal, the rock- 
normalized REE patterns for the leachate are relatively fla t (Fig. 5.2). This fla t rock- 
normahzed pattern is best developed for the leachates that reacted with the rhyolitic rock 
sample, Surprise 1, with shale BAS(SL)2, and with fine sandstone BAS (SS)1 
[(Yb/Nd)RN= 1.21,1.04,1.10, respectively; Table 5.3]. These fla t patterns indicate that 
REEs were leached from these rocks in essentially the same relative proportions at which
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they occur in their respective rock samples. There is evidence for a slight enrichment in 
the HREEs in the Surprise 1 leach solutions, as the rock-normalized pattern for this leach 
solution exhibits a shallow positive slope between Tb and Lu (Rg. 5.2). There may also 
be some enrichment in the HREEs of the leachate solution that reacted with FRSOaal, 
however, insufficient data exists for the HREEs in this leachate (e.g., only Dy and Yb 
were quantified by our method). On the other hand, the leachates that reacted with 
dolomite (BKD3) and the sandstone [BAS(SS)1] may have slight enrichments in the 
middle REEs (MREE) compared to their respective rocks. The Batch Test 1 leachates 
have variously enriched and depleted Ce concentrations. The leachate that reacted with 
BAS(SL)2 exhibits weak positive Ce anomaly (Ce/Ce* = 0.05; Table 5.3), whereas 
Surprise 1, BKD3, FRSOaal, and BAS(SS)1 have negative Ce anomalies (Ce/Ce* = - 
0.07, -0.30, -0.93, -0.07, respectively; Table 5.3). On the other hand, the Eu concentration 
in each leachate is higher than expected based on the rock-normalized values for Sm and 
Gd (0.28 ^ Eu/Eu* < 0.97; Table 5.3).
Table 5.3 contains rare earth element concentrations for each o f the leachate 
solutions from Batch Test 2. The solutions that reacted with one o f the Cambrian 
dolomites (BKD l 1), and the shale (BAS6) had the highest REE concentrations, whereas 
the solutions that reacted with other Cambrian dolomites (e.g. BKD4 and BKD8) exhibit 
the lowest REE concentrations (Table 5.3). The chief differences in Batch Test 2, 
compared to Batch Test 1, were the greater solution/rock sample ratio (by weight, 3:1 vs. 
2:1, respectively; Table 5.1), and the greater duration at Batch Test 2 (67 days vs. 40 days 
for Batch Test 1 ; Table 5.1).
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Figure 5.3 is a rock-normalized REE plot o f the leachate solutions from Batch 
Test 2, where each leach solution has been normalized to the respective rock with which 
it reacted. In general, the shapes of these rock-normalized leachate patterns resemble 
those from Batch Test 1 in that they are all relatively flat, and have large positive En 
anomalies (0.21 ^  Eu/Eu* ^  1.61; Table 5.3). Only two leachate samples do not exhibit 
the same degree of positive enrichment in Eu compared to Sm and Gd; BAS6 and
0.001
Batch Test 2
0.0001
IE-06
IE-07
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Tap—W I- B -  BAS8 T  BKDl BKD2 #  BKD4 BKD5
BKDG -  ^  -  BKD7 BKD8 BKOe —a — BKDIO BKD11
Rg. 5.3. Rock-normalized REE patterns of the leachate solutions from Batch Test 2.
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BKDl 1 have Eu/Eu* of 0.21 and 0.27, respectively (Table 5.3). These leachates also 
exhibit weak negative Ce anomalies (-0.29 < Ce/Ce* < -0.01), except for the leachate that 
reacted with BKD l (Ce/Ce* = 0.13; Table 5.3). The chief differences between the results 
of these two batch tests are the smoother LREE patterns and more variability in the 
HREE patterns o f the Batch Test 2 leachates compared to the Batch Test 1 leachates.
5.3.2.2. LgocAuh/gRochon Wf ing acn/ic watgr 
Table 5.3 also lists the REE concentrations of leach solutions from Batch Test 3, 
in which crushed rock samples were reacted with a weak nitric acidic solution (pH = 4) 
for 42 days. Similar to the other batch tests, the REE concentrations of these leachates are 
very low, ranging from 1.1 pmol/kg to 2,630 pmol/kg (Table 5.3). The solution that 
reacted with Cambrian dolomite (B KD l) had the highest REE concentrations, whereas 
the solution that reacted with Tapeats Sandstone (Tapeatsl) had the lowest REE 
concentrations (Table 5.3).
Rock-normalized REE ratios of these weak nitric acid leach solutions are plotted 
in Rg. 5.4. Because these leachates have similar (i.e., order o f magnitude) REE 
concentrations to those o f Batch Test 1 (Table 5.3), they also exhibit similar rock- 
normalized ratios. Again, a ll o f the leachates o f Batch Test 3 exhibit positive Eu 
anomalies which range from a low o f Eu/Eu* = 0.22 up to Eu/Eu* = 1.82 (Table 5.3). In 
addition, all but the leachate that reacted with the Ordovician Limestone (i.e., FR80aal) 
have large positive Ce anomalies (Fig. 5.4). The leachate that reacted with FR80aal 
instead exhibits a small negative Ce anomaly (Ce/Ce* = -0.26; Table 5.3). Neglecting the 
Ce and Eu anomalies, the leachates that reacted with FR80aal, BAS6, and Tapeatsl,
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have relatively fla t rock-normalized REE patterns. However, the rock-normalized REE 
pattern for the leachate that reacted with BKDl exhibits an irregular shape (Rg. 5.4).
0.001
Batch Test 3
0.0001
% IE-05
1E-07-
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
FRSOaal HEJ— BASS V  B K D l — f —  Tapeatsl
Fig. 5.4. Rock-normalized REE patterns of the leachate solutions from Batch Test 3.
5.4. Discussion
5.4.1. REE Signatures of Leachates
Many o f the leachate solutions have REE signatures that are not substantially
fractionated compared to the rock samples with which they reacted, and hence, the source
of the dissolved REEs in the leachates (Figs. 5.2 - 5.4). The similarities in the relative
proportions o f REEs between the rock samples and the leachates are especially apparent
for the distUled-deionized water leachates (i.e.. Batch Tests 1 and 2; Figs. 5.2 and 5.3).
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These data indicate that, in general, the REEs in these rocks must be in readily leachable 
sites. Although overall the distilled-deionized water leachates exhibit relatively fla t REE 
patterns when normalized to their respective rock sample, there are some subtle 
deviations that suggest minor fractionation o f the REEs during the leaching process. For 
example, the leachate with perhaps the flattest rock-normalized pattern (i.e., Surprise 1, 
rhyolite) also exhibits a smooth increase in rock-normaüzed HREE values with 
increasing atomic number (Fig. 5.1). This smooth increase between Tb and Lu suggests 
that either (1) heavier REEs are located within progressively more readily leachable sites 
within the source rocks than the LREEs, or (2) solution complexation reactions in the 
distilled-deionized leachate become important as the water reacts with the rocks leading 
to preferential leaching and stabilization of HREEs within solution. Many investigators 
have argued that during the weathering process, LREEs released are subsequently 
captured by secondary clay minerals formed by weathering reactions, whereas the 
HREEs are preferentially liberated from the rock and removed from the site of 
weathering by solution complexation reactions involving inorganic and/or organic 
ligands (Nesbitt, 1979; Duddy, 1980; Schau and Henderson, 1983; Braun et al., 1993). It 
is well known that stability constants for REE complexes with carbonate ions increase 
with increasing atomic number (Cantrell and Byrne, 1987; Lee and Byrne, 1993). 
Moreover, productions of bicarbonate and carbonate ions are a common product of 
weathering reactions involving silicate rocks and dissolution of carbonate rocks, 
respectively (e.g., Garrels and MacKenzie, 1967; Langmuir, 1971). Bicarbonate ions 
were likely produced in our Batch Test 1 and 2 as distilled-deionized water reacted with
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the crushed rock samples.
Some o f the leachates from the dolomites (Batch Test 2; Fig. 5.2) also exhibit 
enrichments in the HREEs relative to the LREEs, although the same, relatively smooth 
progressive increase in rock-normahzed values reported for the Surprise 1 leachate is not 
observed. Instead, some of these dolostone leachates have a step-like rock-normalized 
REE pattern, with relatively lower LREE normalized values that step up to higher values 
between Nd and Sm, and are relatively constant from Tb through Lu (BKD l, Rg. 5.3).
Another subtle 6 actionation pattern of the rock-normalized leachate profiles is 
slight enrichments in the middle REEs. This subtle fractionation is only observed in 
leachates that reacted with the clastic sedimentary rock samples o f the Bright Angel 
Formation [i.e., BAS(SS)1, BAS(SL)2; Fig. 5.2]. Johannesson and Zhou (1999) reported 
similar, albeit more pronounced, rock-normalized MREE enriched patterns for strong 
acid leach solutions that reacted with clastic sedimentary rocks containing Fe-Mn 
oxide/oxyhydroxide phases. Moreover, using a leach solution that specifically targets Fe- 
Mn oxide/oxyhydroxide phases (i.e., 0.04 M NH2OH HCI in 25% (v/v) CH3COOH), 
these authors reported MREE enriched, rock-normalized REE patterns for those leachates 
that reacted with the clastic sedimentary rocks containing petrographicahy identiGable 
Fe-Mn oxide/oxyhydroxide phases. Johannesson and Zhou (1999) suggested that the 
MREE enriched patterns o f the leachates reflected the distribution of the REEs in the Fe- 
Mn oxide/oxyhydroxide phases within these rocks. Others have shown that such oxide 
phases commonly exhibit MREE enrichments (Gosselin et al., 1992). Consequently, the 
slight MREE emichments of the distilled-deionized water leachates for the two Bright
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Angel Formation samples compared to their respective rocks may reflect the presence of 
Fe-Mn oxide/oxyhydroxide phases within these clastic sedimentary rocks that supply 
MREEs to the leachate solutions. Further investigation may involve leaching these rocks 
with a hydroxylamine hydrochloride solution to specifically examine the possible 
contributions o f Fe-Mn oxide/oxyhydroxide phases to their readily leachable REE 
fractions.
Interestingly, the distilled-deionized water leachate of Batch Test 1 that reacted 
with BKD3 exhibits higher rock-normalized LREE values than observed for the HREEs 
(Fig. 5.2). The REE pattern of this leach solution suggests that the LREEs occur in sites 
in BKD3 that are more readily leached by distilled-deionized water that the HREEs, or 
alternatively, the LREEs are preferentially leached from the rock owing to the formation 
of preferentially stronger LREE complexes of some ligand with the LREEs than the 
HREEs. It is dilEcult to identify a ligand that could occur in distiUed-deionized water that 
more strongly complexes the LREEs in solution than the HREEs. Because BKD3 is a 
dolomite, carbonate ions are expected to increase in the distiUed-deionized water leachate 
as a result o f reacting the dolomite with the neutral pH solution. As a consequence, we 
would expect that the HREEs would be more stable in  the leachate than LREEs owing to 
complexation of the REEs with carbonate ions. Therefore, the enrichment of the LREEs 
in this leachate Ukely reflects that the LREEs occur in more easUy leached sites than the 
HREEs in BKD3.
The most interesting feature of Batch Test 3 is that aU o f the leachates except for 
the one that reacted with the Ordovician limestone, FRSOaal, exhibit positive, rock-
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normalized Ce anomalies (Fig. 5.3). Batch Test 3 involved reacting each o f the rock 
samples with a weak nitric acid solution (pH = 4), and hence was different than the other 
batch tests where distilled-deionized water (pH = 7) was used. Instead, the Tapeats 
Sandstone has an enrichment in Ce relative to La and R  when normalized to chondrite. 
Consequently, the positive Ce anomaly o f the leachate sample that reacted w ith the 
Tapeats Sandstone indicates that the weak nitric acid leachate preferentially liberated Ce 
from the Tapeats Sandstone compared to both La and Pr. The same preferential leaching 
o f Ce from the rocks can be argued for both BAS6 and BKD l as a result o f reacting these 
rocks w ith the weak acid solution (Fig. 5.4). Relatively more Ce must have been leached 
6om the Tapeats Sandstone, however, for the leachate solution to be enriched in Ce with 
respect to La and Pr when normalized to the Ce enriched Tapeats Sandstone (compare 
Figs.5.1 and 5.4). The difference in the behavior o f Ce between the distilled-deionized 
leachate solutions and the weak nitric acid solutions indicates that a Ce enriched mineral 
o f amorphous phase, which is susceptible to the weak acid leach but not the distilled- 
deionized water solutions, is present in these southem Nevada sedimentary rocks.
As mentioned above, aU o f the leachates exhibit positive Eu anomalies when 
normalized to their respective rocks. These positive Eu anomalies may reflect either 
BaO  ̂interference on the two naturally occurring Eu isotopes (i.e., ^̂ ^Eu and ^̂ ^Eu) 
during mass quantification by ICP-MS (i.e., Jarvis et al., 1989), or simply the fact that the 
rocks are depleted in Eu with respect to their chondrite-normalized Sm and Gd values 
(Fig. 5.1; Table 5.2). We believe that for the vast majority o f the leachates, the large 
positive Eu anomalies reflect Ba interference during quantification (i.e., false positive).
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For groundwater samples, the m ^ority o f the Ba is removed from the sample by 
extraction using diethylhexylphosphoiic acid (Cerrai and Ghersini, 1966; Hodge et al., 
1998). Typically, at least a 500 mL aliquot o f each groundwater sample is required to 
quantify Eu after Ba is extracted 6 om the sample. Unfortunately, insufficient leachate 
volumes were recovered during the batch tests in the current study (Table 5.1) to conduct 
the diethylhexylphosphoric acid extraction o f Ba from these solutions, and subsequently 
measured dissolved Eu concentrations.
Nonetheless, it is important to point out that for some of the leachate solutions, 
the Eu data suggests that false positives during mass quantification from Ba interferences 
may not be responsible for the positive Eu anomalies. These leachate solutions include 
those that reacted with BAS(SL)2, BAS(SS)1 o f Batch Test 1, BAS6, BKD l 1 of Batch 
Test 2, and FR80aal and BAS6 o f Batch Test 3. For the case of these leachate solutions, 
the positive Eu anomalies that are characteristic of the leachates are likely due, in part, 
the large negative Eu anomalies o f the rocks. In other words, because o f the depletion in 
Eu (i.e., negative Eu anomalies) that is characteristic o f these sedimentary (and felsic 
igneous) rocks of southem Nevada, normalization of leachate Eu values to the rock 
values leads, in part, to the positive rock-normalized Eu anomalies o f the leachates. For 
example, the Eu concentration o f the leachate that reacted with Surprise 1 rhyolitic 
pumice (i.e., 95.1 pmol/kg) is substantially lower than either the Sm or Gd concentrations 
(216 pmol/kg and 232 pmol/kg, respectively) in the leachate. Indeed, the Eu 
concentration of this leachate is 2.3 times lower than the corresponding Sm value, and 2.4 
times lower than the Gd concentration. Moreover, the Eu concentration of the rhyolitic
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source rock is a factor o f 6.3 lower than Sm, and 5.7 times lower than the Gd 
concentrations in this rock (Table 5.2). Hence, because the Eu concentration of the 
leachate in substantially lower than the corresponding Sm and Gd concentrations, the 
positive Eu anomaly or the rock-normalized leachate probably reflects the large Eu 
depletion of the rhyolitic rock. Surprise 1.
5.4.2. Implications of Batch Tests 
The results of our batch leaching tests are in general agreement, in terms of the 
similarities between the REE distributions of the leachates and the rock samples, with 
previous field investigations that reported groundwaters with REE signatures that closely 
mimicked the REE signatures o f the aquifer rocks through which they flowed (e.g., 
Smedley, 1991; Gosselin et al., 1992; Fee et al., 1992; Leyboume et al., 2000). In 
addition, the measured REE concentrations in the leachates from our batch tests are 
grossly similar, in magnitude, to those reported for groundwaters, including groundwaters 
from southern Nevada (Johannesson et al., 1997; 2000a). Consequently, the batch test 
data suggest that aquifer rocks are the primary source of REEs to groundwaters, and more 
importantly, REEs are leached from aquifer rocks by aqueous solutions in proportions 
similar to those found in the rock/aquifer materials. Consequently, the similarities 
between the results o f our batch leach tests (i.e., REE concentrations and rock-normalized 
patterns) and reported observations o f REE concentrations and patterns in actual 
groundwater-aquifer systems strongly suggests that groundwaters can inherit aquifer-rock 
like REE signatures via leaching reactions with the aquifer rocks without incurring
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significant fractionation of the REEs during the process.
It is generally well accepted that the acquisition of REEs by natural terrestrial 
waters from rock weathering reactions depends upon many factors including (1) the 
distribution and abundance o f REE-bearing minerals within the rocks (2) the chemical 
composition of the natural water/weathering solution (e.g., m ^or solute concentrations, 
pH, pe, concentrations o f inorganic and organic complexing ligands, temperature), (3) the 
solubility o f the REE-bearing minerals in the rocks with respect to the composition of the 
natural water/weathering solution, and (4) the ability of secondary minerals formed 
during water-rock reactions to accept REEs leached from the primary minerals of the 
unweathered rock (Humphris, 1984; Braun et al., 1990; Johannesson and Zhou, 1999). 
Moreover, previous investigators have examined REE ûactionation as a function of 
chemical weathering of different types of parent rocks (e.g., Balashov et al., 1964; Ronov 
et al., 1967; Ludden and Thompson, 1978,1979; Nesbitt, 1979; Buddy, 1980; Schau and 
Henderson, 1983; Humphris, 1984; Middelburg et al., 1988; Braun et al., 1990,1993, 
1998). Many o f these studies indicate that weathered residual materials become enriched 
in LREEs and depleted in the HREEs compared to the parent rock during water-rock 
reactions owing, in part, to preferential mobilization of the HREEs (Balashov et al., 1964; 
Ronov et al., 1967; Nesbitt, 1979; Buddy, 1980). More specifically, LREEs are obtained 
by secondary clay minerals formed by water-rock reactions, whereas HREEs are 
preferentially removed from the reaction site by solution complexation reactions 
involving inorganic and/or organic ligands (e.g., COs^, P04^ , humic and/or fulvic acids) 
that are present in natural waters, including groundwaters (Nesbitt, 1979; Buddy, 1980;
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Schau and Henderson, 1983; Braun et al., 1993; Johannesson and Zhou, 1999).
Therefore, solution and surface (i.e., adsorption) complexation can play an important role 
in hactionating REEs during water-rock reactions by eiuiching the aqueous solutions in 
the HREEs, and preferentially concentrating the LREEs in the residual phases (e.g., clay 
minerals). On the other hand, in the absence of important inorganic and organic 
complexing ligands, the REEs exhibit greater tendencies to sorb to surface sites as a 
function o f increasing atomic number (e.g., Roaldset, 1974; Aagaard, 1974).
The fact that the leachates resulting hrom the batch leach tests do not exhibit 
signiGcant fractionation of the REEs compared to the aquifer rocks suggests that solution 
and surface complexation reactions involving these heavy metals were not important in 
the batch tests. More importantly, the observations reporting that many groundwaters 
have similar REE signatures to the aquifer rocks through which they Gow imphes that, at 
least in some cases, REEs are not GacGonated during the weathenng/leaching process 
whereby groundwater acquire their REE signatures. The results o f our batch leaching 
tests and the reported REE patterns of actual groundwaters appear to contradict the 
observaGons and models of the behavior o f REEs during the weathering process which 
argue for ennchment of the HREEs in the weathenng soluGons, and hence fracGonaGon 
of the REEs. In other words, our batch tests along with studies o f real groundwaters that 
during the o f acquisiGon o f these elements by groundwaters Gom the host aqiGfer rocks, 
their does not appear to be preferenGal removal o f HREEs, compared to the LREEs, Gom 
the site of groundwater-aquifer rock interacGon by sGong Ggands. Instead, these leachates 
and real groimdwaters inhent REE distribuGons that closely resemble the source (i.e.,
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aquifer) rocks.
However, more recent investigations have reported groundwaters with highly 
GacGonated REE patterns compared to the aquifer/aquitard patterns (Johannesson et al., 
1999; Johannesson and Hendry, 2000; Leyboume et al., 2000). For example, 
groundwaters Gom a shallow, basin-Gll aquifer in southern Nevada, a Gil and clay-nch 
aquitard in Saskatchewan, and a rhyoliGc aquifer in cenGal México, a ll exhibit large 
enncbments in HREEs compared to LREEs when normalized to the REE concentraGon 
in then respecGve aquifer matenals (Johannesson et al., 1999, 2000; Johaimesson and 
Hendry, 2000). The GacGonaGon of REEs in these groundwaters is consistent with the 
formaGon o f carbonato and dicarbonato complexes in soluGon. More speciGcally, the 
LREE exhibit a greater afGnity to sorb to aquifer/aquitard materials than the HREEs 
because they chieGy occur in these circunmeutral pH groundwaters as posiGvely charged 
soluGon species (i.e., LnCOg ,̂ Ln LnS04^ , whereas the HREEs occur as negaGvely 
charged dicarbonato species (Johaimesson and Hendry, 2000). ConsequenGy, soluGon 
and surface complexaGon reacGons do exeG conGols on REEs in  groundwater-aquifer 
systems. Therefore, it  is conceivable that during the iniGal weathering o f aquifer rocks by 
relaGvely acidic aqueous soluGons (e.g., meteonc waters augmented by soil-zone CO2), 
the REEs are leached Gom aquifer rocks in roughly the same proporGon with which they 
occur in the rock. However, with Gow within the aquifer and as more rock is weathered, 
soluGon complexaGon becomes progressively more impoGant (e.g., producGon o f HCO3 
during weathering raises the pH and increases the signiGcance of carbonate complexes) 
leading to sGong GacGonaGon of the REEs (Johannesson et al., 2000b, in review).
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Although the current batch study shows some interesting results of REEs in the 
leachates during rockAvater interactions, more leaching tests with systematic designs are 
needed to better constrain the leaching processes. The design parameters, such as pH 
values of soluGons, parGcle sizes o f crushed rock samples, water-rock batch contact time, 
and amount raGos o f soluGon to rock sample, have to be carefully controlled for our 
future leaching studies. The systemaGc leaching studies using different types of rocks and 
soluGons w ill help us to understand the relaGonship between aquifer rock and 
groundwater REE signatures, the leaching mechaiGsms and kineGcs of REEs during 
water/rock interacGon, and the controlling factors on REE signatures and GacGonaGon in 
natural waters.
5.5. Conclusions
Laboratory batch tests were conducted in order to study the affect that 
composiGonaUy diGerent rocks have on the behavior and concentraGon of rare earth 
elements (REEs) in  low-temperature aqueous soluGons. Different rock types (i.e., shale, 
sandstone, limestone, dolomite, and rhyoliGc pumice) were reacted with distilled 
deionized water (pH=7; 18 MB), and/or acidic aqueous soluGons (pH=4). Rock samples 
were crushed to about 70 mesh in size. Different amounts o f distilled deionized water or 
acidic aqueous soluGons were mixed with 20 to 80 grams o f individual cmshed rock 
samples within acid-washed, pre-clean polyethylene botGes (mass raGo of aqueous 
soluGon to rock sample ranged Gom 2:1 to 3:1). The crushed rock samples and aqueous 
soluGons were allowed to react for 40 to 65 days at room temperature (-  25^C). The
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sample slurry was subsequeuGy centrifuged and the supernatant Altered (0.45 pm poly­
carbonate membrane) before quantification of dissolved REEs by ICP-MS. 
ConcenGations o f REEs in the leachate soluGons are low, ranging Gom 0.05 pmol/kg to 
2,570 pmol/kg. SoluGons that reacted with AyoliGc pumice exhibit the highest REE 
concentraGons, whereas the soluGons that reacted with Ordovician limestone, and 
especially with Cambnan dolomite, have the lowest REE concentraGons. When the 
leachates are normalized to the respecGve rock w ith which they reacted, they exhibit 
relaGvely Gat REE patterns, except for large posiGve Eu anomalies. Interestingly, the 
soluGon that reacted with the pumice sample is slighGy enriched in HREE, and the 
soluGon leached Gom Cambnan sandstone shows a weak MREE ennchment. These 
batch studies suggest that different types of rocks can play important roles in  imparting 
REE signatures to natural waters, and in  parGcular, groundwaters where rock/water raGos 
are high.
The results of our batch tests using aquifer matenals and soluGons allowed us to 
characterize REE signatures released Gom rock samples to leachates and to determine the 
easily soluble GacGons o f REEs during water/rock interacGon under standard condiGons. 
Moreover, this study provides informaGon that may be applicable to REE behavior 
during low-temperature water/rock interacGon in general. However, we should apply 
these batch test results to real groundwater systems with great cauGons since other 
factors, such as Alter size used, possible secondary minerals in rock samples and 
variaGons o f laboratory condiGons, could also affect REE patterns of the leachate 
soluGons. More and systemaGc batch tests are needed to better conGol the leaching
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processes during rock/water interacGons.
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CHAPTER 6 
CONCLUSIONS
Systematic studies on major ion and rare earth element (REE) geochemistry o f 
different components of groundwater Gow systems in southern Nevada and eastern 
California were conducted in this study. These studies characterize the in^or ion and 
REE geochemistry of groundwaters, aquifer rocks, and secondary minerals in the study 
area, compare REE signatures Gom both groundwater and aquifer matenals (rocks and 
minerals), invesGgate the ongins o f secondary minerals in the unsaturated and saturated 
zones, and perform the leaching experiments using different aquifer matenals and 
soluGons.
M ^or ion geochemical data o f groundwaters Gom 78 springs and wells in 
southern Nevada and eastern Cahfomia, coGected and analyzed since 1992, are 
summanzed in this study. The data indicate that chemical and hydrologie processes 
between water and aquifer matenals and mineral composiGons o f aquifer materials 
through which groundwaters Gow mainly conGol m ^or ion chemistry o f groundwater. 
M ^or ion chemistry of groundwater can be used for reconstrucGon o f hydrochemical 
framework of water and for tracing groundwater Gow paGems. Four hydrochemical 
facies of groundwaters have been classiQed in the study area based on their m ^or caGon 
and anion composiGons. The calcium-magnesium-bicarbonate type (facies) groundwater
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has moved only through the lower carbonate aquifer or through valley-GG rich in 
carbonate detritus. The sodium-potassium-bicarbonate type (facies) groundwater has 
Sowed only through volcanic rocks or through vaHey-Gll deposits rich in volcanic 
detritus. The calcium-magnesium-sodium-bicarbonate type groundwater represents a 
mixture o f two hydrochemical types o f groundwaters mentioned above. It was inihally 
within the lower carbonate aquifer and subsequently entered the volcanic-rock aquifers. 
Further mixing with different quantises o f source waters or mixing with the third 
hydrochemical facies identified, can form another type of water, such as the sodium- 
sulfate-bicarbonate type.
Groundwater samples and the representative aquifer rock samples were widely 
collected in  southern Nevada and eastern California and analyzed for their REE 
concenGadons. Characterizations and comparisons of the REE concentrations and 
behaviors in both groundwaters and aquifer rocks demonstrate that the REE patterns of 
the carbonate groundwaters and the volcanic rock groimdwaters resemble those o f the 
respective rock types through which they Gow. Carbonate groundwaters can be Anther 
distinguished into "dolomite" groundwaters discharging Gom the Lower Paleozoic 
carbonate (dolomite or dolomitic limestone) aquifer and "limestone" groundwaters 
discharging Gom the Upper Paleozoic carbonate (limestone) aquifer. Groundwaters Gom 
Army weU and Furnace Creek, Gom the Spring Mountains, and Gom Tippipah and 
Topopah springs represent the end-members of groundwaters Gom dolomite, limestone, 
and volcanic rock aquifer, respecGvely. M ixing of groundwater Gom different aquifers 
resulted in the modiGcadons of REE signatures in groundwaters Gom spnngs and wells
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in southern Nevada. Comparing and normalizing REE signatures in  groundwater to those 
in the local aquifer rocks provide direct information for tracing groundwater sources and 
for understanding changes of REE signatures during rock/water interactions.
Precipitated Gom groundwater Sows, secondary minerals in  the Gactures of the 
unsaturated and saturated zones preserved crucial information on groundwater 
geochemistry and paleohydrologic history in southern Nevada. REE signatures in 
secondary minerals can be used to determine alteration processes and groundwater 
sources Gom which the minerals were precipitated. Anomalous variations in Ce and Eu 
concentrations are useful indicators o f redox conditions at the time o f mineral deposition. 
A total o f twenty-six secondary mineral samples were coUected Gom the western Pahute 
Mesa-Oasis Valley (WPM-OV) region and Gom the underground study tunnels at Yucca 
Mountain and analyzed for then REE concenGations using both ICP-MS and LA-ICP- 
MS. Different REE patterns in  secondary minerals suggest that these secondary minerals 
in southern Nevada may be precipitated from groundwaters originated Gom diGerent 
sources during geologic history. They can be formed either by groundwaters percolating 
through unsaturated zones, or Gom upwelling groundwaters (both shallow perched and 
deep aquifer groundwaters) with hydrothermal Guid inGuences, or the combinaGon of 
two ongins. Future invesGgaGons of REE patterns in calcite samples should continue to 
focus on linking the observed patterns to other physiochemical parameters (e.g., 
deposiGonal temperature, host rock REE concentraGons, and water chemistry). The REE 
results of the same sample using both ICP-MS and LA-ICP-MS agree well. The LA-ICP- 
MS technique has a great potential in high-precision spot analysis for rocks and minerals.
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More REE analyses in rock and mineral samples using LA-ICP-MS are needed.
Finally, three laboratory leaching tests were conducted in order to study the eGect 
that composiGonaUy diGerent rocks have on the behavior and concentraGon of rare earth 
elements (REEs) in low-temperature aqueous soluGons. DiGerent rock types were reacted 
with distilled deionized water and acidic aqueous soluGons for diGerent reacGon times. 
Both rock samples used for the leaching tests and the leachates were analyzed for their 
REEs. ConcenGations of REEs in the leachate soluGons are generally low. Normalizing 
to the respecGve rock with which they reacted, most leachates exhibit relaGvely flat REE 
patterns, except for large posiGve Eu anomalies. SoluGons that reacted with volcanic 
rocks (rhyoliGc pumice) exhibit the highest REE concentraGons and a slight HREE 
ennchment, whereas the soluGons that reacted with carbonate rocks have the lowest REE 
concentraGons and a weak MREE enrichment.
These leaching studies suggest that REE signatures in the leachates are conGohed 
by the types of rocks w ith which they interacted. The leaching expenments allowed us to 
characterize REE signatures released Gom rock samples to leachates and to determine the 
easily soluble GacGons o f REEs during water/rock interacGon under standard condiGons. 
Moreover, the study results may be applicable to REE behavior during low-temperature 
water/rock interacGon in general. However, we should apply these batch test results to 
real groundwater systems w ith great cauGons. Other factors, such as Alter size, possible 
secondary minerals in rock samples, and variaGons of laboratory condiGons, should be 
carefully considered because they could also aGect REE patterns of the leachate 
soluGons.
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